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ABSTRACT

Transition metal dichalcogenides (TMDs) constitute a class of inorganic layered com-
pound with generalised MX, stoichiometry, where M denotes a transition metal atom
and X a chalcogen atom of sulfur, selenium or tellurium (S, Se or Te). As such over forty
different varieties may be realised, covering the full array of electronic properties from
insulators and semiconductors through to metals and superconductors, depending
on the combination of M and X.[1] TMD monolayers are ~0.7 nm thick and consist
of a hexagonal plane of transition metal atoms sandwiched between two displaced
hexagonal planes of chalcogen atoms as X-M-X. Like graphene, these materials exhibit

interesting physical phenomena when manifested in the monolayer limit.

Applications of layered materials will require large quantities, indicating that a
solution processing approach will be useful.[2] Liquid phase exfoliation is one such
method and has been used previously to successfully disperse carbon nanotubes[3]
and graphene[4] in organic solvents. This work begins by extending this approach
to exfoliate a set of inorganic layered materials into two-dimensional nanosheets by
sonication in a suitably chosen organic solvent. Over 21 solvents have been tested
and the effect of varying both transition metal atom and chalcogen atom on solubility
has been investigated within the framework of solution thermodynamics. In all cases,
good dispersion is shown by solvents with surface tensions close to 40 mJ/m? and
Hansen parameters close to 18 MPa'/2, 8.5 MPa'/? and 7 MPa'/? for the dispersive,
polar and H-bonding components of bonding respectively. This allows an estimation
of the Flory-Huggins parameter, y. For each combination of nanosheet and solvent it is
shown that the dispersed concentration falls off exponentially with y, indicating that
solution thermodynamics can indeed be used as a model to understand the dispersion

of these layered materials.

In many areas, applications of films of exfoliated layered compounds will be limited

by their relatively low electrical conductivity. Among such applications are battery
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and supercapacitor electrodes as well as thermoelectrics. To address this, composites
of a nano-conductor (nanotubes or graphene) embedded in a matrix of exfoliated
MoS; nanosheets have been prepared and characterised. Solvent exfoliation of MoS,
nanosheets, followed by blending with dispersions of graphene or nanotubes allowed
the formation of such composite films by vacuum filtration onto porous membranes
which may then be transferred to any desired substrate by subsequently dissolving the
membrane. This gave spatially uniform mixtures with fully tunable nano-conductor
content. By addition of the nano-conducting phase, it was possible to vary the electrical
conductivity of the composite over nine orders of magnitude. For both filler types the
conductivity followed percolation scaling laws both above and below the percolation
threshold. In the case of SWNT-filled composites, conductivities as high as 40 Sm™

were achieved at volume fractions as low as 4%.

Group VI TMDs (e.g. MoS,) are nominally semiconducting due to their fully filled
lowest lying d-band. As such they exhibit photoconductivity on illumination. Solution-
exfoliated MoS, nano-platelets have been formed into thin films by deposition onto a
water surface followed by transfer to indium tin oxide coated glass to test the photo-
conductivity. A gold electrode evaporated on top completes the sandwich structure
with Ohmic-like contacts. Illumination of this device with broadband light of 1 kW
m? intensity results in a fourfold increase in conductivity. The photocurrent increases
sub-linearly with intensity and exponentially with time indicating the presence of

traps.

Being naturally abundant, MoS,and iso-electronic WS, are prototypical TMDs and
have been widely studied over the past few years. However, much less work exists on
the analogous selenides and tellurides of these materials. This is unfortunate as these
varieties have smaller bandgaps than the sulfides, reflecting the increased covalency of
their bonding and so extend the spectral range for optoelectronic device applications.
Thin-film networks of nanosheets of five different TMDs comprising MoS,, MoSe,,
MoTe,, WS, and WSe, have been fabricated on Si/SiO, substrates. Both the dark
and photoconductivity have been measured under broad band illumination in the

intensity range from 0-1000 Wm. The dark conductivity varies from ~10°® S/m for
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MoS, to ~103 S/m for WSe,, with an apparent exponential dependence on bandgap.
All materials studied show photocurrents which rise exponentially with time and
depend sub-linearly on light intensity, again, both hallmarks of trap limited processes.
Because the photoresponse depends relatively weakly on bandgap, the ratio of photo-
to dark conductivity is largest for the sulfides because of their larger band gap and

resulting lower dark conductivity.

It is hoped that the work in this thesis will be useful as liquid phase exfoliated
nanomaterials are developed towards low-cost device applications such as photodetect-
ors, network transistors, solar cells, battery electrodes and thermoelectrics for printed

electronics on flexible substrates.
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Pollution is nothing but the resources we are not harvesting

(Richard Buckminster Fuller)

"Reality’ is what you can get away with

(Robert Anton Wilson)
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INTRODUCTION

Historically, advances in technology have consistently allowed humans to access
untapped energy resources. Previously, the stone and the bronze ages gave way to
the iron age and as we now near the end of what is often termed the silicon age.
Silicon CMOS technology has driven dimensional scaling down toward nanometre
(nm) length scales and is now ushering in what may be viewed as a new technological
era: the age of dimensionality. Dimensionality is one of the most defining material
properties and the same compound behaves very differently depending on whether it
is obtained in its zero, one, two or three dimensional form.

Nanoscience refers to the physics, chemistry and biology of materials endowed with
at least one dimension with length scale on the order of nanometres. Such length
scales are well below the wavelengths of our visible spectrum, on the order of the de
Broglie wavelength for electrons. New fundamental physical properties, superior to
those found in bulk, may manifest here due to the effects of quantum confinement.
Manipulation of materials down at these length scales could become increasingly
important for society if technological progress and economic growth are to continue in
a clean environment of relative political stability.

Worldwide energy demands currently stand at 13 TW and are increasing exponentially.[8]
Predicted to double by 2050 and treble by the end of the century, meeting such demands
may be the defining challenge of our era. A revolutionary jump is required in clean
energy production. Nanotechnology offers hope in the form of a new molecular toolkit
of fundamental building blocks which may be harnessed to increase energy conver-
sion efficiency. Understanding the fundamental principles of these energy conversion

processes is required in addition to developing new materials to exploit them.



INTRODUCTION

Thesis Outline

This work uses liquid phase exfoliation in organic solvents to process a set of inorganic
layered nanomaterials from the family of transition metal dichalcogenides (TMDs). The
factors affecting dispersion solubility are investigated within the framework of solution
thermodynamics. Having been understood, these dispersions are used to make thin
films of networks of individual nanosheets. Such films have potential in a large number
of applications, specifically in low-cost energy conversion and storage. However for
many of these, the inherent low conductivity of such disordered networks presents
a significant problem. Fortunately, as is shown in this work, this low conductivity
problem may be mitigated with the addition of small quantities of nanoconductors
such as carbon nanotubes or graphene nanosheets. These carbon based nanomaterials
may be exfoliated in the same set of solvents and so hybrid films may be produced
by simple blending of the dispersions. This is an extremely powerful technique as it

allows a tunable conductivity over at least nine orders of magnitude.

The group VI TMDs studied throughout this work are semiconducting. In bulk form
they have indirect gaps which are shifted up into the visible region of the spectrum and
become direct when thinned to a monolayer. This gives these materials huge potential
in optoelectronic applications such as sensors, LEDs and solar cells. However as the
bandgap is a strong function of layer number, and liquid phase dispersions tend to have
a degree of polydispersity this would render such films energetically inhomogeneous.
As such, photoconductive studies of films bulk group VI TMDs have been performed
to remove this variability in the bandgaps of the entities making up the networks. Such
studies are an important starting point to develop these networks for photovoltaic
energy conversion: Cost is currently the main barrier to solar energy proliferation and
solution processed networks can be fabricated using high throughput, low temperature
solution procesing techniques in atmospheric conditions offering ample opportunity
for industrial scale up which should result in drastic cost reductions. It is hoped the
work in this thesis may serve as a starting point for the study and development of

solution processed nanosheet networks in optoelectronic device applications.
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Two dimensional (2D) materials are those with one dimension small enough (thickness
< nm) for their electrons to experience restricted motion by quantum confinement in
this direction. They are free to move as normal within the ~infinite 2D plane (usually
~um). This leads to interesting and novel physical phenomena not seen in bulk, which
could open up a new wave of technology and devices that could transform and
innovate how we live and communicate. This 2D nature fundamentally stems from
an anisotropy in the bonding, whereby in-plane bonding is strong and covalent yet
out-of-plane bonding is weak van der Waals. As such individual 2D layers are only
weakly stacked to form 3D crystals and may be exfoliated down to individual true 2D
objects.

The best known 2D material is graphene; a monolayer of graphite. This hexagonal
plane of sp? hybridised carbon atoms was first studied theoretically in the in the 1940s.
Until its isolation in 2004,[9] it was believed such materials were not stable and could
not exist. Its inception has sparked interest in other 2D layered materials, of which
there are many.[10] Transition metal dichalcogenides (TMDs) are one such class of

layered material. This class of 2D materials shall now be introduced in more detail.

2.1 TRANSITION METAL DICHALCOGENIDES

First studied in the 1960s,[1] TMDs have recently experienced an academic renaissance
and become a highly popular research topic. This follows on from the experimental
isolation of 2D graphene in 2004,[9, 11] and the resulting research demonstrating

the material’s superlative electronic,[12] optical,[13] thermal[14] and mechanical[15]
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properties. Similarly TMDs also exhibit fascinating and highly beneficial changes to

their properties once thinned to a monolayer.

o
3 4 5 6 7 8 9 1 W 12 |AN s Pp 8
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Figure 2.1: TMD crystal structure. (a) Part of the periodic table with group IV-X transition metal
atoms and chalcogen atoms highlighted. Top and side views of generic monolayer

TMD with (b) trigonal prismatic and (c) octahedral co-ordinations.[16]

TMDs constitute a class of inorganic layered compound with generalised MX,
stoichiometry, where M denotes a transition metal atom and X a chalcogen atom of
sulfur, selenium or tellurium (S, Se or Te). As such over forty different varieties may
be realised depending on the combination of M and X. Whereas graphene and its
insulating analogue hexagonal boron nitride (h-BN) are ~0.35 nm thick and composed

of a single monolayer of atoms, TMD monolayers are ~0.7 nm thick and consist
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of a hexagonal plane of transition metal atoms sandwiched between two displaced
hexagonal planes of chalcogen atoms as X-M-X (figure 2.1). Such layers are stacked to
form 3D crystals. Different stacking polymorphs exist; 1T - trigonal, 2H - hexagonal
and 3R- rhombohedral. The integer refers to the number of layers in the unit cell.
Different polymorphs are favoured depending on the combination of M and X. In
the 2H (3R) polytype with ABA (ABA CAC BCB) stacking, the transition metal is
co-ordinated in a trigonal prismatic arrangement, where each metal atom is bound to
six chalcogens. This is in contrast to the 1T polytype with ABC stacking and octahedral
co-ordination of the metal atom.[16] Bonding is strong and ionic/covalent within each
layer but only weak van der Waals between each layer, similar to the anisotropy in
graphene. This allows exfoliation or delamination of bulk crystals to mono and few
layer 'nanosheets” which can be um in length with just nm thickness, rendering them

two dimensional nanomaterials.

2.2 TMD BAND STRUCTURE

Solid-state theory predicts whether a compound will behave as a metal, semiconductor
or insulator based upon its periodic array of atomic potentials and the subsequent
derivation of Bloch wavefunctions. From these, classes of delocalised energy states
available to electrons and holes are manifested, giving rise to the bandstructure and
electronic properties of crystalline solids.[17] The bandstructure is a representation of
the distinctive energy levels of the constituent atoms (E) comprising the crystal’s unit
cell and their wave vectors (k) according to how they crystallize. The term bandstructure
is often used interchangeably with the term E — k relation. It can be probed directly
via photoelectron emission spectroscopy. Using this technique, electrons are emitted
from the sample surface following absorption of energetic photons and their energy

distributions are measured.[18, 19]

Transition metals are characterised by their progressively filled d-orbitals on scanning
from left to right in the periodic table. Partial filling of these outermost orbitals allows

them to readily form covalent bonds with other atoms. The electronic structure of TMDs
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is a function of the co-ordination of the transition metal atom and its d-electron count

meaning they can manifest the properties of insulator, semiconductor or metal.[1, 16]

These combinations are summarized in table 2.1.

Electronic character of different layered TMDs

Group M X

4 Ti,Hf, Zr S, Se, Te
5 V,Nb,Ta S, Se Te
6 Mo, W S, Se, Te
7 Tc, Re S, Se, Te

10 Pd, Pt S, Se, Te

Properties

Semiconducting (E,=0.2-2eV).
Diamagnetic.

Narrow band metals (p-10"* 2.cm) or
semimetals. Superconducting. Charge
density wave (CDW). Paramagnetic,
antiferromagnetic, or diamagnetic.

Sulfides and selenides are semiconducting
(E;-1eV). Tellurides are semimetallic
(p-10*Q2 cm). Diamagnetic.

Small-gap semiconductors. Diamagnetic.

Sulfides and selenides are semiconducting
(E,=0.4eV) and diamagnetic. Tellurides
are metallic and paramagnetic. PdTe,

is superconducting.

Table 2.1: Summary of electronic properties of TMDs as a function of the combination of M

and X atoms[1]

Group IV

Energy

Group V Group VI

Figure 2.2: Progressive d-orbital filling within bonding (o) and anti-bonding (c*) states gives

rise to the electronic character of group IV, V and VI TMDs. Filled and unfilled

states are shaded in dark and light blue respectively.[16]

Strong covalent mixing between chalcogen and metal core s and p orbitals results

in bonding (o) and anti-bonding bands (c*) well below and above the Fermi level

respectively. This ener ap is known as the o-0* gap. Within this gap reside states
P y gy gap gap gap
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which are primarily derived from transition metal atom d-orbitals. It is these orbitals
and their degree of filling which is responsible for the diverse array of electronic
properties observed in TMDs. Group IV TMDs form two non-bonding d-orbitals
dyz, xz, xy (lower) and d;: :.y> (upper) whilst those from group V and VI form three
d-orbitals whose character is predominantly d,:, dy2.y2 xy and dy;, y, (from top-bottom)
as in figure 2.1.[16] As such, the group IV TMDs (e.g. HfS,) are insulators or wide-gap
semiconductors.[20] Group V TMDs (e.g. NbSe,) are metallic having an additional
electron which renders the lowest d-band half full. This intersects the Fermi level at
several points throughout the Brillouin zone. Group VI TMDs (e.g. MoS,) are nominally
semiconducting due to the presence of one further electron now completely filling this

lowest lying d-band.[21]

2.2.1 Group VI TMD Band Structure

MoS2 bulk
- ha

E. [Hartree] o
o N

1

1

O
no

Figure 2.3: Band-structure of bulk MoS, within the o-6* gap calculated using DFT where the

dashed red line indicates the Fermi levelKuc et al. [22]

The band-structure for MoS, is plotted along high symmetry directions throughout

the Brillouin zone in figure 2.3. MoS, is the most common TMD and often referred to as
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a model system for group VI TMDs; all the other 5 TMDs in this group have similarly
shaped band-structures. A progressive narrowing of the bandgap and shifting up in
energy of the conduction band minimum (CBM) and valence band maximum (VBM)
occurs as the chalcogen atomic number increases (S- Se- Te).[23, 24] This reflects the
increased covalency[25] of the bonding and is accompanied by a broadening of the d-
band.[16] Whilst isoelectronic, W-based common X systems have bandstructures higher
in energy than Mo-based due to the higher energy of the 5d compared with the 4d
orbital.[23] This group commonly crystallise as the 2H polytype at room temperature,
with two X-M-X layers making up the unit cell. As such, the band-structure within the
o-c* gap is comprised of ten metal atom d-bands and twelve chalcogen atom p-bands.

The occupied part of the d-band is dominated by M d,: orbitals, however, the
electronic states of different wave-vectors have electron orbitals with different spatial
distributions and it also contains considerable M d,:_y .y character interspersed with
varying degrees of X p, character as a function of the bandwidth.[26, 27] There are
two important transitions along the I'-K high symmetry line within the Brillouin zone
which bear large influence on the materials’ electronic and optical properties. The
indirect (fundamental) gap originates at I and terminates halfway between I' and K
at A. The band structure at I" contains considerable contribution from chalcogen p,
orbitals covalently mixed with M d,- orbitals.[28] The out-of-plane orientation of these
orbitals results in strong interlayer coupling which has the effect of depressing the
VB and raising the CB as the layer number is reduced.[22] The optical (direct) gap
at K is spin-orbit split and is responsible for the two prominent resonance features
(the A & B excitons) in the absorption spectra of these TMDs.[29] As this gap is
determined by orbitals contributing only weakly to the bonding, generation of electron-
hole pairs by light does not break any bonds, resulting in remarkable stability against
photocorrosion.[30] The states contributing to the band-structure here are almost solely
derived from transition metal atom d,=y: x; and chalcogen py, y orbitals.[28] These
show very weak dispersion with the metal atom located at the centre of the unit cell
and so the direct gap is not a strong function of layer number.[27, 31] This dictates
that in the monolayer limit it becomes energetically favourable for these materials to

transition from indirect to direct gap semiconductors.
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2.2.2 Group VI Monolayer TMD Band Structure

Whereas in bulk form this group of TMDs are indirect gap semiconductors, it is in
monolayer form that these materials truly display their fascinating and most-useful
properties. Their direct bandgaps are well matched to the visible region of the spectrum,

favouring optoelectronic applications.[32]

MoS, bulk MoS, 8-layer MoS, 6-layer
0.2
2 0
| -0.2
()
o
=
©
L
w* —40.2

Figure 2.4: Energy dispersion evolution from bulk through to monolayer MoS, calculated using
DFT where the Fermi level is indicated by the dashed red line. The VB-edge is

coloured in blue whereas the CB-edge is marked green[22]

Generally speaking, as the number of layers is reduced the (indirect) VBM shifts
down as the CBM shifts up in energy due to quantum confinement. Whilst the bulk
band-structures of each of the TMDs in this group are similar, any differences that exist
are accentuated in the monolayer limit and can enhance the already useful properties
of these materials. For example, MoSe, has smaller differences between the direct and

indirect bandgaps compared with MoS,, especially as the layer number is reduced.[33]
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In few layer form this TMD shows appreciable photoluminescence (PL) intensity as the
temperature is raised to 500 K. This is un-intuitive but stems from a slight expansion of
the inter-layer distance on temperature increase. This decouples neighbouring layers,
increasing the degeneracy of the direct and indirect gaps and the PL intensity. Contrast
this with MoS,, whose larger difference between direct and indirect gaps ensures that

the thermally induced degeneracy cannot result in an increase in PL.

Energy (eV)
o A b b
o (4] o (4]

'
o«
o

&
=)

MoS, MoSe, MoTe, WS, WSe, WTe,

Figure 2.5: Calculated band alignment for MX, monolayers. Solid and dashed lines obtained

by PBE and HSE respectively. Vacuum level is taken as zero reference[23]
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Figure 2.6: Schematic of the origin of the VBM and CBM of MX, monolayers at the K-point.[23]

Comparing the direct gaps across this family of monolayers, the magnitude of the
CB offsets are much smaller than the VB offsets as the atomic number of the chalcogen
increases. This trend is illustrated in figure 2.5 and deserves further consideration

as to its origin.[23] At the K-point, the VBM originates mainly from the repulsion
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between metal d,: 2 , orbitals and chalcogen py, y orbitals. So the metal d-orbitals
are pushed up by A, to form the VBM whilst the chalcogen p orbital is pushed down
by A’; as shown in figure 2.6. The CBM originates from the repulsion between metal
d,:orbitals and chalcogen p, y orbitals. As such, the d orbitals here are pushed up by
A, , forming the CBM whereas the p orbital is pushed down by A’, . So for common M
systems the VBM & CBM are determined by the magnitude of the repulsions A; and
A, , which are larger in heavier X systems due to the shallower p orbitals repelling the
M d-orbitals more due to increased wavefunction overlap. Also, A, is stronger than
A, reflecting the more dominant o-character of the bonding in the former as opposed
to n-character in the latter. This means the decrease in overlap on moving from S-Se-Te
for common M systems affects the CBM more than the VBM, resulting in the smaller
observed offset for the CB than the VB. The repulsions depend on the overlap between
the M d and X p orbitals and their difference in energy. So a larger overlap (smaller
difference in energy) leads to larger repulsions and explains the larger bandgaps in
sulfide, over selenide, over telluride species. One small anomaly to note is the increase

in bond length of the tellurides leading to decreased overlap of the orbitals. This partly

counteracts the increase in repulsion and can be seen clearly in figure 2.6 for WTe,.

This TMD has the largest bond length in the group VI variety, actually resulting in a
lower lying CBM than for WSe,.[23]

2.3 RAMAN SPECTROSCOPY

2.3.1 Raman Scattering

Raman scattering is a non-destructive inelastic light scattering technique in which light
from a monochromatic source is used to probe lattice vibrations (phonons). The atoms
in a crystal lattice can be modelled as harmonic oscillators; masses held together by
springs with an equilibrium length about which they can vibrate according to the ratio
of spring force constant to atom mass. Such lattice vibrations are quantized and known

as phonons. These are a signature of the bond strengths in a material.

11
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resonant . ,
resonant  anti-Stokes vibrational
electronic Stokes [ state
excited
state non-resonant  non-resonant

Rayleigh Stokes anti-Stokes

vibrational
state

ground
state

Figure 2.7: Typical processes observed in Raman spectroscopy.[34]

An incoming photon and its associated electric field interact with a material’s electron
cloud inducing a dipole moment. The strength of this interaction is proportional to
the material polarizability. In the event that a photon absorbs (anti-Stokes) or emits
(Stokes) an optical phonon on interaction with the lattice, it is subsequently re-emitted
with a slight shift in energy due to the energy of the vibration which is measured
as[34]

1
= o

= /\—l (@:1)

A
As
Here A; is the wavelength of the incident light and A, the wavelength of the scattered
light. Unless the excitation is resonant corresponding to an electronic levei (wili have
increased scattering amplitude), the excited state does not correspond to a stationary
state and is referred to as a short lived virtual level as shown in figure 2.7.

A Raman spectrum then is a plot of the relationship between scattered light intensity
as a function of energy (Raman shift in units of cm™), representing the phonon density
of states. As photons interact strongly with electrons, a Compton background will be
present in the spectra which may be subtracted. Obtaining spectra allows comparison
with theoretical values to verify TMD sample purity. Important spectral features are
peak positions, widths and intensities. These can give information on effects such as
doping, disorder, stress, functionalisation and interlayer coupling.[34] Disorder, defects
and impurities as well as the substrate interaction may in some cases allow phonon

modes forbidden by selection rules to be weakly observed.
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The first Brillouin zone (BZ) is the set of points that can be reached from the origin
without crossing any Bragg planes. A first order Raman process involves a scattering
event with one phonon and must obey the conservation law known as the fundamental
selection rule, whereby the photoexcited electron has to go back to its original k-state
to recombine with a hole.[35] This forbids phonons not of wave vector g=~o in the
neighbourhood of the zone centre, corresponding to the high symmetry I" point. First
order discrete peaks are broadened into a Lorentzian band of frequencies due to
intercellular interactions. Second and higher order Raman processes display broader
peaks not being restricted to near the zone centre. Overtones (two phonons of equal
frequency) as well as combination bands (two phonons with different frequencies)
due to acoustic-optical and optical-optical combinations can be observed. Generally
these are two phonon scattering events, although a second order, one phonon elastic-

scattering event is possible in the presence of defects.[36]

2.3.2 TMD Raman Spectra

The symmetry of the 2H polytype belongs to the D¢}, space group. The lattice vibra-
tions at the Brillouin zone centre, I', may be decomposed into twelve modes represented
in table 2.2.[37, 38] Three acoustic (A, & E';,) and two IR (A?,, & E?,,) active modes
exist. These are anti-symmetric under inversion. There are also four Raman active
modes (Aig, Eqg, E'25 & E?,5) shown in figure 2.8 which are symmetric under inversion.
This is why despite being degenerate in energy with the Raman active E*,; mode, the
conjugate IR-active E?;,, mode is not Raman active, due to the interlayer phase shift of
180°. The E?,; mode is a rigid layer mode in which the phase of motion of one layer to
the next is opposite. The only restoring force present in such a vibration is the weak
interlayer interaction so it is very low frequency and often masked by the Rayleigh
scattered light whereas the E,g cannot be viewed in the backscattering arrangement.

These Raman active modes shall now be elaborated for group VI TMDs.

13
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Irreducible | TransformatignActivity | Polarization Atoms v (cm™)
Representa- | Properties of Involved
tion Vibration
Ay i Acoustic c-axis Mo+S
By (Tx, Ty) Acoustic basal Mo+S
plane
Asyy ik IR (E||c) c-axis Mo+S 466
B Inactive c-axis Mo+S 466
Em (Tx, Ty) IR (E_Lc) basal Mo+S 384
plane
E'y (oxx~ tyy, Raman basal Mo+S 384
Axy) plane
Asg (oxx+ yy, Raman c-axis S 409
%zz)
Biu Inactive c-axis S 409
Eig (otyz, %zx) Raman basal S 519
plane
Fon Inactive basal S 519
plane
B?; Inactive c-axis Mo+S low
E?; (oxx- Ay, Raman basal Mo+S low
Axy) plane

Table 2.2: Long wavelength lattice modes of MoS,.[37]

2.3.2.1 MoS, & WS,

Raman spectra of exfoliated MoS,[39, 41, 42] & WS,[40, 42, 43] are similar and have
been characterised widely throughout the literature. For bulk MoS, (WS,) the expected

Raman active modes are the E’,; in-plane peak at ~384 cm™ (~357 cm™) and the A,
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Mo, W
S, Se, Te

Figure 2.8: Raman active modes of TMDs, adapted from [5]
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Figure 2.9: MoS, Raman spectra excited with 514 nm laser.[39]
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Figure 2.10: WS, Raman spectra excited with 514 nm laser.[40]

out-of-plane peak at ~407 cm™ (~423 cm™). As layer number increases the separation

between these two modes does also: specifically the A;; mode stiffens as the E*,; mode

softens. This blue shift of the A,y peak is as expected; the van der Waals interlayer
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interaction of S atoms in neighbouring planes increasing the effective restoring forces
on the atoms and suppressing the vibrations. The red shift of the E',; peak is less
intuitive. It may be down to the stronger dielectric screening of long range Coulomb

interactions in thicker samples,[39, 43] or else stacking induced strucutral changes can

be at play.[41]

2.3.2.2 MoSe,
) 1
L /8 1/
—iL —dL
— 12 —2L —5L
= A o
: —3L — Bulk
S 40 N
*? E
208 ® o B, i
O X
[
§ 04 SN, tarn
g 3 o
X 02
AN #\ it S
0.0 R, SRR | JL

" i
236 238 240 242 244 280 290 350 360

Raman Shift cm™']
Figure 2.11: MoSe, Raman spectra excited with 514 nm laser.[5]

The A,y mode appears at a lower wave number ( ~242 cm™) than the E',; mode in
MoSe,. This discrepancy in MoSe, as opposed to the MS, variety, reflects the difference
in chalcogen atomic mass.[43] Again the position of this mode is a function of layer
number. Davydov splitting is seen in the A;; mode depending on the number of layers
in the sample, caused by adjacent TMD layers vibrating with a phase shift due to the
Se atoms moving towards or away from the Mo atom. The weak peak at ~286 cm™
corresponds to the in-plane E',; mode for bulk MoSe,. The appearance of a small
hump around 353 cm™ is attributed to the B',; mode. This mode is not Raman active
in bulk but becomes so in the few layer limit due to the breakdown of translational

symmetry along the c-axis direction.[5]

2.3.2.3 MoTe,

Expected Raman active modes for MoTe, are the small out of plane A,; peak at ~174

cm™ and the prominent in-plane E',; peak at ~235 cm™. The higher weight of the
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Figure 2.12: Raman spectra for MoTe, taken with 532nm laser.[44]

Te atoms ensures the frequency of this mode in MoTe, is smaller than for MoS, and
MoSe,. Few layer samples also exhibit the small Raman active B,; peak at ~291 cm™,

similar in origin as for MoSe,.[44]

2.3.2.4 WSe,
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Figure 2.13: Raman spectra for WSe, taken with 514nm laser.[5]

The WSe, Raman spectrum has caused confusion in the literature. This is mainly
due to its E',5 and A,z phonon modes being nearly degenerate. In bulk WSe, these
peak positions should occur around 248 cm™ and 250.8 cm™ respectively.[5] These
peaks are too close to be resolved using standard 1200 and 1800 line/mm gratings and
require a grating with resolution above 2400 lines/mm to be sufficiently resolved.[43]

Both the modes show slight shifts with layer number (E*,; softens as A, stiffens with

17
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layer number increase) as for MoS, & WS, but the effect is much less marked in WSe,
due to the heavier constituent atoms.[45]

For mono and few layer samples, only one single maximum is found as the modes
essentially become degenerate with the spectral peaks then overlapping. To further
complicate things, the 2LA(M) mode is situated at ~260 cm™. This mode is a second
order Raman mode due to LA phonons at the M point in the Brillouin zone.[41, 43]
Its appearance is somewhat broad for a typical first order phonon process; this peak
has been erroneously assigned as the A;; mode in the past.[416] An additional small
Raman active B',; peak exists at ~310 cm™ in few layer samples, like for MoSe, and

MoTe,.

2.4 EXFOLIATION AND MATERIAL SYNTHESIS

The synthesis of layered materials is an underlying subject that continues to evolve
and enable research and development of useful devices and applications. However
the ability to control compositions, shapes, morphology and quantities of these nano-
materials is still inadequate for commercialisation. A key challenge is to merge these
building blocks into functional systems. No one way has all the answers and it is likely
that a successful approach will draw on salient features of a combination of different
methods, requiring novel integration to transform them into final products. For exam-
ple, in certain applications such as large area displays where quality and resolution
requirements are relaxed, minimizing cost is the most important consideration and a
production method compatible with solution processing can be useful. However for
circuitry or logic applications required for processing information, material quality
is paramount and only precise growth techniques such as epitaxy or CVD are viable

options.



2.4 EXFOLTATION AND MATERIAL SYNTHESIS

2.4.1  Mechanical Exfoliation

Mechanical exfoliation is a simple method based on peeling apart successive layers

of layered material with scotch tape, until thinned down to just a single layer. The

adhesive force of the tape is strong enough to overcome the weak van der Waals forces.

This layer can then be transferred onto a substrate such as SiO,. Such a process is ideal
for producing high quality samples to probe fundamental physics and intrinsic material
properties and was pioneered by Geim and Novoselov, later Nobel Laureates, who first
used this method to isolate graphene monolayers.[9] They applied the same method
to isolate monolayer MoS, and NbSe, in 2005.[11] These layers are then successively
pulled apart, eventually thinning down to mono and few layer samples which can be
deposited onto a substrate. The main drawback associated with mechanical exfoliation
is that it is a slow and tedious method whose low yield does not lend itself to scale up

for industrial purposes.

2.4.2  Chemical Exfoliation

Reactive alkali metals like lithium can be adsorbed under inert conditions between the

TMD’s van der Waals gap in a process known as intercalation.[47-49] Alkali metals

have a low electron affinity[50] and so can readily donate an electron to the host lattice.

On reaction of the intercalated TMD with water, hydrogen gas is produced, expanding
the interlayer distance. This decreases the van der Waals bond strength, facilitating
delamination when sonicated. The Li atoms pass into the solution as hydrated Li*
ions. Whilst this method results in appreciable monolayer yield the main drawbacks
are non-atmospheric processing requiring a glovebox and undesirable changes in the
TMD'’s electronic properties whereby a transition from the trigonal prismatic (2H)
semiconducting phase to the octahedral (1T) metallic phase occurs, requiring a thermal

anneal at around 300 °C to restore the semiconducting phase.
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2.4.3 Liquid Phase Exfoliation

This is the method used throughout this work to process TMDs. A more rigorous
treatment of the exfoliation mechanism is given in chapter 4. Mild sonication of the
material in powdered crystallite form in an organic solvent results in mono and
few layer nanosheets. It is a quick and easy method, capable of producing large
quantities and was first used to produce graphene in organic solvents in 2008.[4]
Echoing the well known chemistry rule of like dissolves like, the chosen solvent
must have similar surface energy to the layered material, resulting in a low enthalpy
of mixing and therefore energetic cost of exfoliation. This method is compatible
with solution processing roll-to-roll print manufacturing techniques which are high
throughput and low cost. Also, for applications where toxicity of the solvents presents
a problem, the dispersions can be produced in aqueous surfactant solutions.[51]
The main drawbacks associated with this method are low monolayer yield and (for
optoelectronic applications) the numerous interflake junctions charge carriers must
traverse which severely degrades the mobility. However recent work has shown a
significant degree of control over the polydispersity of the dispersions can be obtained
by size selection methods involving different centrifugation rates and/or establishment
of a density gradient.[52] This should allow production of monolayer rich dispersions.
In addition, hybrid dispersions and films containing a percentage of nanoconductive
filler particles may be easily produced to tune the conductivity over several orders of

magnitude as in chapter 5, depending on the application.[53-55]

2.4.4 Chemical Vapour Deposition

All the above methods are top-down approaches. However high-end applications
require electronic grade material that can be synthesized reproducibly and uniformly
over relatively large areas. Chemical vapour deposition (CVD) is a bottom-up growth
process compatible with existing semiconductor manufacturing techniques which will

facilitate future integration of these materials. It shows much promise and has recently
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been used in the case of graphene to synthesize wafer scale single crystal monolayer
graphene films on germanium wafers.[56] For the case of MoS,, samples are generally
grown by sulfurization of evaporated metal films[57] or the corresponding TMO
powders[58] in a furnace at high temperatures (> 500 °C). This results in polycrystalline
mono to few layer films with domains up to ~100 um.[59] The grain boundaries in
MoS,are more complicated than homo-elemental graphene and tend to be strongly
faceted. Such boundaries house line defects such as simple tilt-boundaries as well
as more complicated mirror twins in which the positions of Mo and S atoms are
swapped at the boundary. These affect the photoluminescence (PL) and conductivity
in non-trivial ways (PL can increase, quench and/or shift peaks) depending on the
defect identity and concentration. Importantly for electronic applications the explicit
effects of the boundaries on the conduction are only little more than the sample to

sample variation in pristine samples.[60]

2.5 TMDS FOR DIGITAL ELECTRONICS

Silicon is ubiquitous in semiconductor technology due to the success of the CMOS logic
process based on its natural abundance, suitable native oxide and reasonable mobility
for both electrons and holes. Moore’s Law dictates that microprocessor performance
doubles every eighteen months by scaling down transistor size, increasing speed and
making it possible to integrate more transistors on a single chip. This means transistor
supply and threshold voltages must also be scaled down along with channel length to
limit power consumption.[61] This is due to short channel effects such as drain-induced
barrier lowering, whereby the potential barrier in the channel is a function of both
gate-source and drain-source voltages, effectively reducing the threshold voltage. Also,
the gate oxide must be thinned commensurately with the channel length, resulting in
increased leakage currents tunnelling via the gate oxide. These effects result in high
leakage current and increased power dissipation. This poses a significant problem,

especially for low power applications.

21



22

TRANSITION METAL DICHALCOGENIDES - BACKGROUND AND OVERVIEW

As a general rule of thumb the thickness of the semiconducting channel in an FET
must kept to roughly <1/3 the channel length to maintain effective gate control.[62]
This poses problems for traditional tetrahedrally bound 3D semiconductors such as
Si as the channel length continues to be reduced. FETs based on group VI TMDs
have ultrathin bodies which confine the charge carriers resulting in enhanced gate
coupling and thus excellent electrostatic control. In addition, their sizeable bandgaps
and low dielectric constants endow them with a resistance to short channel effects. This
is quantified by short characteristic lengths, the length-scale at which short channel

effects begin to transpire:

Ai=inf (8—5t5t0x> (2.2)
Eox

Even with a 300 nm SiO, thick gate oxide (poorer gate control) no short channel

effects are encountered in MoS, even as the channel length approaches 100 nm.[63]

Contrast this with Ge and InGaAs FETs which begin to show short channel effects at

150 nm. A thinner gate oxide and/or higher k dielectric would allow scaling below 10

nm (the characteristic length for conventional semiconductors) with MoS,. Moreover,

the smooth inert surfaces of TMDs eschew dangling bonds providing a degree of

immunity against interface states and surface roughness scattering.

2.5.0.1 p-and n-type Conduction

Manifestation of both n and p-type TMDs is important as a number of working
devices and circuits require both to function optimally. For example, CMOS logic
devices consume less power than their unipolar counterparts, pn hetero-junctions are
fundamental building blocks of a wide range of optoelectronic devices such as junction-
diodes[64, 65], solar cells,[66, 67] and LEDs.[66-68] Also, thermoelectric modules are
more efficient when configured with one p-type leg electrically in series with one

n-type leg (see section 2.6.2).

Mono and few layer MoS, transistors have been well characterised electrically by
a number of groups and a clearer picture is now beginning to emerge as to why it

normally exhibits n-type operation. WSe, offers an avenue for p-type operation when
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contacted with high work function metals.[69] Both these TMDs shall now be reviewed

as model n & p-type TMD systems for nanoelectronic device applications.

2.5.1 MoS,

2.5.1.1 Mobility
Reference Material Htn (cm?/Vs) | Dielectric | Contact | Gate
Das[7] Few layer MoS, 700 AL O, Sc Top
Gu[70] Few layer MoS, 370 SiO, Ni Back
Pradhan[71] Few layer MoS, 300 SiO, Au Back
Radisavljevic[72] | Single layer MoS, 200 HfO, Au Top
Kim([73] Few layer MoS, 100 Al O, Au Back
Ayari[74] Few layer MoS, 50 SiO, Au Back
Liu [63] Few layer MoS, 30 SiO, Ni Back
Ghatak[75] Few layer MoS, 10 SiO, Au Back

Table 2.3: Table comparing transistor operation for mono and few layer MoS,.

Graphene has a superlative charge carrier mobility in excess of 100,000 cm?/Vs.[76]
Unfortunately the absence of an inherent bandgap in graphene severely limits its use
as a field effect transistor (FET). Electrically MoS, has sparked interest due to the
presence of a sizeable bandgap. Nominally an n-type semiconductor, it has a bulk
in-plane mobility of 260 cm?/V s.[77] Field effect mobilities of ~0.5-3 cm?*/V s are
typical in the mono and few layer regime.[11, 72, 74] This may be boosted in high-k
dielectric environments which screen the effect of trapped charge at the interface.[78]
Mobilities up to 700 cm?/V s for few layer[7] and 200 cm?/V s for monolayer[72]
MoS, have been realised. Whilst the large bandgap (1.3 eV bulk, 1.9 eV monolayer)
makes for impressive on: off ratios of at least 10%, it also limits the ability to screen

random potential fluctuations due to trapped charge at substrate or dielectric interfaces.
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Current [, (nA)

Back gate voltage V, (V)

Figure 2.14: Typical n-type transfer curve for an MoS, monolayer FET with gold contacts on an
Si0O, substrate (270 nm oxide thickness) at room temperature. Inset: Linear I35-V 45
curves acquired for back gate voltages of o, 1 and 5 V.[72] Initially the linearity
of such curves lead to the belief that Au forms ohmic contacts for this system.
However, the linearity is now known to occur due to Fermi level pinning close to
the MoS, CB; the thermionic tunnelling component of current being appreciable

at room temperature.

Hence high-k dielectrics such as HfO,[72] and Al,O5[73] (= 25 and g respectively)[79]
may be used to suppress the resultant Coulomb scattering, enhancing the measured
mobility.[72] The absence of dangling bonds and trapped charge at the smooth van
der Waals interface allow a near ideal sub-threshold swing (see section 2.5.2.1) of 74
mV/dec resulting in abrupt switching.[72] These encouraging features mean MoS, has

a great deal of potential for use as an FET in low power electronic applications.

When the work-function metal is not suitably aligned with the appropriate band for
conduction, TMD based FETs operate as Schottky Barrier (SB) transistors. SB transistors
comprise metal-semiconductor (MS) junctions rather than the usual highly doped pn
junctions. The rationale behind fabricating SB transistors in the case of TMDs is the
current absence of viable stable doping strategies and inherent difficulty in implanting
an ultrathin body (see section 2.5.2.2). As MS junctions are majority carrier only devices
SB transistors operate in enhancement mode with the on state due to accumulation

(rather than inversion) of majority (minority) carriers.[80, 81] As the channel length is



2.5 TMDS FOR DIGITAL ELECTRONICS

scaled down the MS contact resistance represents a more appreciable contribution to
the overall device resistance, which may mitigate any intended scaling benefits. This
necessitates the contact work-function be well matched to the semiconductor CB. If
not, extracted mobility values are not intrinsic to the material due to the large parasitic

voltage drops incurred at the MS interface.

2.5.1.2 TMD-Metal Contacts

Low work-function metals such as scandium (¢s. = 3.5 eV)[7] and titanium (¢7; = 4.3
eV)[82] are a sound choice for making electron injecting contacts to MoS,. Indeed, in
the case of Sc, the barrier height has been measured to be only 30 meV, comparable
to the thermal broadening of the Fermi function at room temperature.[7] However
due to Fermi level pinning (see next section 2.5.1.3) close to the CB of MoS, and
its high electron affinity (>4 eV),[23, 24] even higher work-function metals such as
gold (¢4, = 5.1 €V) result in n-type contacts which appear Ohmic, at least at room

temperature.[6, 72, 83-88]

Thermionic Emission

Thermionic-Field Emission

Field EmMissione— iy [

E,

Figure 2.15: Illustrations for carrier transport mechanisms for a Schottky Barrier on an n-type

semiconductor under forward bias.[81][89]

Shown in figure 2.15 are the three mechanisms for current flow at a MS SB junction:
(1) field emission or tunnelling through the lower portion of the barrier, (2) thermionic
emission over the barrier and (3) thermionic-field emission through the upper nar-
rower portion of the barrier. (1) dominates at low temperatures, as the temperature

is increased contributions from (2) and then (3) become more dominant.[90] Stan-
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dard thermal emission theory[91] was first developed for traditional semiconductors
with high doping densities at the contacts and correspondingly narrow barriers. This
increases the tunnelling probability rendering field emission the dominant current
component. However as mentioned, TMD FETs are of the SB variety; the thermally

assisted tunnelling of high energy carriers through the upper portion of the barrier is

theory:[7]

significant. This current component is not accounted for in standard thermal emission
Ids — A**Tzexp (_ ,7_)3

qus
p ) [1 —exp( kT >] (2:3)

In this equation Iy is the current through the device, A** is Richardson’s constant and
¢ the barrier height. All other symbols havé their usual meanings. The thermionic-field
emission current component is strongly temperature dependent and can be appreciable
at room temperature. This obscures the presence of the SB resulting in linear I-V’s
leading to perceived ohmic contacts at room temperature.[7] A transfer characteristic
showing the regions of gate bias where each current component dominates is shown

in figure 2.16.
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Figure 2.16: Typical transfer characteristic of an n-type Schottky Barrier transistor. Regions of

gate bias where particular carrier transport mechanisms dominate are labelled.[S1]

2.5.1.3 Fermi-Level Pinning

Fermi level pinning is generally an undesirable effect whereby the Fermi level locks

onto the charge neutrality level (level at which interface is neutral), effectively fixing
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the achievable built in potential.[92] Any change in electron or hole concentration
impacts the Fermi level position and so it is affected by localised states due to defects
which are present in the bandgap. When such states are present at high enough density
at a given energy their localised levels broaden out into a defect band due to their
proximity and wave function overlap. Once the density of states of this defect band
becomes large enough, the Fermi level will move towards the charge neutrality level,

effectively pinning it there independent of contact metal workfunction.

This effect has been studied in MoS, via a detailed temperature dependent study on
few layer transistors (bulk regime).[7] Different metals have been used as contacts, from
low work-function scandium through to high work function platinum (¢p; = 5.9 eV)
with titanium (¢1; = 4.3 eV) and nickel (¢n; = 5.0 eV) in between. All transistors exhibit
n-type conduction with an increasing barrier height (30 meV - 230 meV) as the metal of
the work-function increases. So whilst the barrier height is not independent of contact
metal choice the metal-MoS, interface is strongly pinned (the pinning parameter,
% = 0.1 as opposed to 0.27 for Si). Interestingly the most common MoS, contact,
gold, was not investigated in this study. Whilst it has not yet been fully discerned,
the source of such Fermi level pinning may be sulfur vacancies. These defects have a
low formation energy in MoS, meaning they are common and contribute a localised
level in the bandgap close to the CB.[93—97] A prominent defect level here would pin
the Fermi level and manifest n-type conduction, largely independent of the metal
work-function. In consequence, this makes p-type operation very hard to realise in

MoS, SB transistors.

2.5.1.4 Effect of Interlayer Coupling

The theoretical maximum room temperature mobility for monolayer MoS, shows a
u o« T~ temperature dependence limited by optical phonon scattering and has
been calculated to be 410 cm?/V s.[78] When the channel is sandwiched between a
substrate and dielectric the homo-polar out of plane phonon mode is quenched for
a top gate geometry. This only weakly affects the in-plane mobility, lending weight
to the hypothesis that the mobility boost in high-k environments is due to improved

screening of trapped charges.
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However, the situation is more complicated when the FET is fabricated with a global
back gate geometry using the SiO, substrate as a dielectric, often resulting in mobilities
below the theoretical value. A resistor network model for this has been proposed
based on the interlayer coupling and Thomas-Fermi (TF) charge screening.[98, 99]
The interplay between the back gate voltage and the interlayer access resistances
changes the centroid of the current distribution, affecting the contact resistance in a

non-monotonic fashion.

In the development of this model it is assumed the top contacts inject only into the
topmost layer of the few layer devices. In layered materials layer-layer transport is
more resistive than in-plane transport as charge carriers must tunnel from layer to layer.
Access to lower layers involves an internal resistance, R;,; (where R, = Rc — Rgp, the
difference between the contact resistance and the resistance due to the barrier at the
metal contact). When this is large current flow is restricted to flow through the top
layers. However in back-gate configuration the largest number of charges are induced
in the lowest layers due to the TF-screening, whereby the carrier concentration decays

exponentially away from the gate according to

Qi —dmr\ _
m—exp< 1 ) —={C (2.4)
and
N
EQi = Qcate (2.5)

=1
where Q; is the charge in the i layer, A is the screening length and dyy is the
monolayer thickness. From fitting R;,; as a function of (V; — V};,) the screening length
for MoS, has been calculated as ~7 nm (as opposed to ~0.5 nm for graphene). The
appreciable value obtained for MoS, reflects its relatively low carrier density (A would
be infinite for the case no screening). The layers close to the substrate have the most
pronounced charged impurity scattering due to the trapped charge that resides there.
The TF screening decreases the scattering far away from the gate oxide interface.
Despite the bottom layers having more charge induced in them, they have a lower
mobility than the top layers and are more resistive. As the gate voltage is increased

the intrinsic resistance of each layer decreases and the current is ultimately limited by
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Rin¢. All this manifests as an optimum number of layers (6-12 nm) existing in terms of

performance (figure 2.17), and explains the reduced values recorded for monolayer

MoS, fabricated with a back gate geometry with no high-k encapsulation.
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Figure 2.17: Resistor network model incorporating Thomas Fermi charge screening (left). Ex-

tracted field effect mobilityas a function of MoS, layer thicknessfor Sc, Ti, Ni and Pt

contactsDotted lines are fit to the data using the model with A=8 nm and Rj,;=2.4
kQ um.[99]

Many layer devices also suffer due to R;,; and A resulting in low charge carrier
densities in the top layers. This is in contrast to an identical system composed of
graphene with much lower values for R;,; and A due to its superior conductivity and
screening. The centroid in such a system resides very close to the gate oxide. The
layers close to the source-drain contacts are largely depleted of charge carriers and

access to the bottom layers is not compromised, making the topmost layers much more

resistive.[100]

2.5.2 WSe,

Bulk WSe, has a field effect hole mobility of ~500 cm?/Vs.[101] This TMD is generally
p-type in polarity due to its high valence band edge (~3.5 eV).[23, 24] However, n-type
operation is possible using low work-function metals,[102] chemical[50] or electro-

static doping.[67, 68, 103] When exfoliated, electron and hole mobilities are similar in
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magnitude,[69] generally ranging from 100-250 cm?/Vs.[50, 102, 104] This is important
not only from the point of efficient LEDs[68] and photodiodes/photovoltaics,[67, 105]
but also as p and n-type complementary digital circuits offer significant performance
advantages over the uni-polar variety.[62] However due to having the highest lying
CB edge of any group VI TMDs, developing low resistance n-type contacts to this
material is challenging. Low work-function aluminium results in non-linear I-V curves
and an electron mobility less than 0.1 cm?/Vs indicating the presence of a significant
barrier.[102] DFT simulations indicate that despite its low work-function, Al has a low
density of states near the Fermi level of WSe,. The low electron density at the interface,
attributed to Al’s absence of d-orbitals, results in small overlap with those in WSe,.

As shown in figure 2.18, whilst titanium results in a midgap ambipolar contact to
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L~7.6um
- 1E7}"
Zr0, D E i'
vy 2
Pan) | P ICTCECE P poay) S SRTEYS
2N \fg 4 Tlcomacii
Si0, (270 nm) = r
1E-11 oy, &
Qo oSS
1E-13 L .
-50 -25 0.0 2.5 5.0
Vs (V)

Figure 2.18: WSe, p-type transistor with surface charge degenerate doping at contact regions

(left). Transfer characteristics using Pd contacts (p-type) and Ti (ambipolar).[104]

WSe, with large contact resistance the VB can be contacted resulting in hole transport
with high work-function palladium.[104] Indeed afnbipolar conduction is commonly
observed in WSe, samples,[67, 69] suggesting the Fermi level pinning to be much
weaker in WSe, than MoS,. Whilst a reason for this is not yet fully clear it has been

noted that WSe, is more resistive to oxidation than MoS, in humid environments.[102]

2.5.2.1  Sub-threshold Swing

One major advantage of these TMDs for transistor operation is that the low density
of interface traps associated with their smooth basal plane surface renders the sub-

threshold swing (SS) very close to that of an ideal MOSFET. The SS is a measure of the
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inverse of the slope of the linear region in a semi-log plot of log (I;;) versus Vs and
indicates how effectively a transistor may be switched on or off. For an ideal MOSFET
the SS is limited to 60 mV/dec at room temperature by thermionic emission from the

source.[104] Low values therefore are desirable and it can be calculated by[61, 106]

-1
[ d(logyg Lus) kT
where 7 is related to the body-factor as
C:
n=1+=-2 (2.7)

0x
Here the interface capacitance is related to the density of interface states by C;; = D;;q*

and the oxide capacitance Cpy, = ©

2 is a function of the gate-oxide thickness and
permittivity. WSe, monolayer p-type transistors with degenerately doped WSe, at the
Pd contacts and a 17.5 nm thick ZrO, gate dielectric has been demonstrated with a SS
very close to this ideal limit of 60 mV /dec.[104] Equation 2.7 suggests C;; < C,x due

to the low density of interface states at the oxide, for reasons already mentioned.

2.5.2.2 Doping TMDs

Ability to controllably dope a sample is important for being able to realise truly ohmic
contacts as well as modulating a semiconductor’s polarity. However a viable strategy
to controllably dope TMDs does not currently exist as it does for Si technology. This is
due to the inherent difficulty from an engineering perspective in implanting into an
atomically thin body. In addition, TMD doping presents a challenge statistically, as
there are so few atoms in a monolayer device, subsequently any potential variations
due to the presence of dopant atoms will be much stronger. Also, as exfoliated low-
dimensional TMDs are a new research topic, not much is yet known about other solid
solubilities within them to assist in sensible choices for doping agents. A number of

routes have been explored to this end, though much development is needed.

Doping can be performed electrostatically in TMDs[67] or reversibly at the surface
with reactive gas molecules.[50, 104] The little that is known about TMD doping
generally comes from computational studies on MoS,.[107, 108] Halogens have an

extra electron so can substitutionally n-dope at the sulfur site.[109] Similarly, rhenium
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(Re) has an extra unpaired electron, when substituted for Mo this is known to contribute
a level just below the MoS, CB. P-doping can be achieved by substituting a group
V (N, P or As) element at the sulfur site or substituting Nb for Mo. Alkali metals
can be intercalated into the van der Waals gap of layered materials, with the effect
of n-doping due to donating their extra electron. In addition, defects also impact the
degree of TMD doping.[93-96] Defect production under electron irradiation has been
compared computationally across MoS,, MoSe, and MoTe,.[97] The formation energy
for chalcogen vacancies is found to decrease as the chalcogen weight increases. This
would suggest such defects to be more common in the heavier anion analogues of

MoS, and WS,, though experimental work is needed to clarify this.

2.5.3 TMD Thin Films

So far this section has outlined the state of the art in single and few-layer mechanically
cleaved single crystal TMD samples to illustrate the intrinsic electronic properties of
group VI semiconducting TMDs in 2D form. However, as indicated in section 2.4,
applications of these layered materials will likely require the materials be in thin film
form in large quantities. Whether exfoliated by a solution processing route or grown by
CVD, such thin films will contain numerous inter-sheet junctions or grain boundaries

which degrade the mobility compared to single crystal exfoliated samples.

Crystalline media possess translational symmetry whereas amorphous solids, like
liquids, have only very short range order on the scale of nearest neighbours. Poly-
crystalline films may be viewed as somewhere in between; being made up of single-
crystalline regions with different grain sizes and orientations. Concepts from both
crystalline and amorphous solids then may be useful for understanding conduction
in polycrystalline media. Disorder has a first order effect on the mobility due to

the increased scattering and reduced mean free path associated with it meaning
Mamorph <Ppoly<thal~[ 110]

The term polycrystalline technically refers to the presence of crystalline domains be-

tween well stitched grain boundaries, for example as grown by CVD.[59, 60, 111] Films
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produced by liquid phase exfoliation are different in that they consist of disordered
porous nanosheet networks which can be easily deposited over large areas.[53, 55, 112]
Due to significantly reduced production expenses (at the expense of quality or effi-
ciency) they may become practical for applications where cost is the main bottleneck,
e.g. solar cells. Whilst not amorphous but still not technically polycrystalline, liquid
phase formed networks are certainly not crystalline. As such, it may be pragmatic to

consider affects native to polycrystalline and amorphous solids to see how the role of

disorder impacts their bandstructures and the nature of their conduction.

2.5.3.1 Amorphous Solids

Amorphous solids tend to suffer from very low mobilities (<1 cm?/V s) due to the
large degree of disorder and scattering present.[113] Implicit in the calculation of a
material’s bandstructure is that lattice periodicity is a pre-requisite for formation of a
bandgap. However, only the primitive cell and thus the nearest neighbours need be
considered.[114] No solids with covalent bonding exist in a totally disordered fashion
due to the directionality of the bonding and amorphous solids are characterised by
a degree of short range order due to these covalent forces that exist between nearest
neighbours. Their arrangement in amorphous solids is similar to the crystalline case,
with only slight distortions in bond lengths and angles. This is affirmed by X-ray
absorption spectroscopy of amorphous Si and Ge, showing the same nearest neighbour

environments as for the crystalline phases, albeit with much broader peaks.[113, 115]

As the mean-free path in amorphous media is so low (of the order of the interatomic
spacing) the wavefunction fluctuates so randomly that k is no longer a good quantum
number for describing the energy eigenstates. This renders the concept of a well-
defined Fermi surface invalid and rules out plotting the E — k relation.[113] However
photoemission studies show that the density of states (DoS) of non-crystalline media
is not overly dissimilar to the crystalline case apart from some band-broadening. This
means amorphous materials may serve as semiconductors, having energetic bands
where conduction is allowed and forbidden.[114]

The striking difference in the band-like structures of disordered solids and the

E — k relations of crystalline semiconductors is the existence of exponentially decaying
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delocalized states

localized states

delocalized states

Figure 2.19: Localised and de-localised states and the DoS for amorphous semiconductors.

Note the band tails which are caused by the localised states due to disorder.[116]

band-tails beyond the CB and VB edges (figure 2.19). These are a direct resuit of the
disorder and separate extended states (which arise from covalent bonding) where
charge carriers are considered mobile, from localised states where charge carriers are
immobile if there is not sufficient spatial wavefunction overlap with other similar
states.[113] This gives rise to what are termed mobility edges in amorphous media.
These mobility edges for electrons and holes result in formation of a mobility gap or
pseudo-gap which functions as a bandgap for conduction; defining the energy ranges
where conduction is permitted and where it is forbidden. Beyond the mobility edges, a
quasi-continuum of extended states permit delocalised-like transport, the large degree
of wavefunction overlap allowing ease of transition from one state to another. Between
mobility edges some conduction may proceed by phonon assisted hopping between

localised states depending on the defect density and Fermi level position.

2.5.3.2  Polycrystalline Solids

In addition to the localised states associated with structural disorder, semiconductor
surfaces and interfaces (i.e. nanosheet edge sites or CVD grain boundaries) are infa-
mous for their high density of defect states, stemming from the abrupt termination of
the lattice. This can result in exposed dangling bonds with different nearest neighbour
configurations and hence energies from the bulk phase. This departure from crystalline

periodicity results in electrically active localised states, often within the forbidden
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bandgap. These interface states can trap mobile carriers, effectively removing them
from the conduction process until freed. This reduces the charge carrier density and
can also be detrimental to the mobility via increased scattering. Moreover, the discon-
tinuity at the grain boundaries increases the likelihood of charge carrier scattering,

further decreasing the mobility.

The resulting region of space charge in the vicinity of the grain boundaries gives
rise to a potential (¢p in figure 2.20) which results in band-bending and a barrier

to transport. This barrier height is a function of both the doping level and dielectric

gramn
boundary

Figure 2.20: Energy band diagram for an n-type semiconductor in the region of a grain bound-

ary (x=o) showing an energy distribution of localised interface states.[117]

constant of the bulk material.[118] These barriers dominate the transport which now
has two channels for conduction: the conductivity within the boundaries which is

bulk-like and an additional resistance from the barriers at the boundaries

P = Pgrain + 0GB (2.8)

where pGp>>pgrain-[118, 119] To take part in conduction the charge carriers must tunnel

through or be emitted over these grain boundary barriers giving I-V’s of the form[118]

] < exp <_£$B> [exp (_kLTV> — 1] (2.9)

The presence of grain boundaries complicates the conduction process as they have

significant structural and electronic inhomogeneity.[120] This makes modelling of

35



36

TRANSITION METAL DICHALCOGENIDES - BACKGROUND AND OVERVIEW

transport problematic in polycrystalline films. Different size, orientation, shape, quality
and surface terminations associated with individual grains also makes for poorer

reproducibility in device performance, decreasing yield.[8]

2.6 TMDS FOR ENERGY CONVERSION

Typical TMD mobilities are too low (~10* cm?/V s) for high performance digital
electronics (~103 cm?/V s) and will ultimately prove much more suited to low power
applications. However TMDs demonstrate enormous potential for applications in
energy conversion and storage. For example, MoS, & WS,have been demonstrated
as hydrogen evolution catalysts,[121, 122] electrodes in lithium ion batteries[123, 124]
and dye sensitized solar cells.[125] Also, Bi,Te; shows potential as an exceptional
thermoelectric material at room temperature.[126, 127] The potential of TMDs in two
of these areas, photovoltaics and thermoelectrics shall now be evaluated in more detail.
Both these technologies currently suffer from being prohibitively expensive. As a
solution processing technique, liquid phase exfoliation may find low-cost niches within

these spaces.

2.6.1  Photovoltaics

The earth’s original and most abundant power source is the sun. This giant fusion
reactor donates a massive 120,000 TW of power to the earth’s surface at any instant.
However, with less than 1% of the world’s electricity generation due to photovoltaics
(PV), [128] there is clearly a massive gulf between solar power’s capacity and our
utilisation. Just 0.16% coverage of the earth’s land with 10% efficient solar cells would
generate 20 TW [129]. Once it can be harnessed the sun’s energy is a clean and abundant
source, free from the price volatility of fossil fuels. It's also useful for generating power
in remote areas or areas with poor electrical infrastructure.

Despite these advantages it cannot currently compete with fossil fuels for conve-

nience. Important criteria for a power source are reliability, performance and cost.
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These elements must be improved if PVs are to displace fossil fuels as the world leader
in energy supply. Power derived non-renewably from gas, coal and oil totals about
85% as of 2013.[130] However, as PV technology evolves, costs continue to decrease
at an increasing rate. These aggressive cost reductions are driven by strong market

growth, production scale up and process improvement.[131]

2.6.1.1  Basic Operation

Figure 2.21: Solar Cell equivalent circuit, represented as a photodiode with associated parasitic
series and shunt (parallel) resistances. A high series resistance (Rg = Ry, x + Rc)
reduces the fill-factor whereas low values for the shunt resistance (often due to
defects) provide alternate paths for the light generated current, circumventing the

diode and decreasing the deliverable power output from the cell.[132]

The first practical solar cell (6% efficient) was developed by Bell Labs in 1954 from a
single crystal silicon (c-Si) pn junction.[133] A solar cell is a device that can: (1) Absorb
incoming photons to generate electron-hole pairs, (2) transport charge carriers from
the absorption site to the contacts and (3) convert this excited energy into electricity.
This amounts to selecting a material with an absorption spectrum well matched to
the visible range and producing absorbing layer films with minimal defects and grain
boundaries. Electron-hole pairs are spatially separated from their mutual Coulomb
potential by the electric field from either a pn junction (usually) or an MS junction. The
active element in the cell then is modelled as a diode as in figure 2.21. The junction’s
potential and depletion width serves to sweep out the generated charge carriers for

collection by the external circuit.[132] This results in a short circuit current, Jsc which
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by convention is negative for a device under illumination (i.e. opposite the direction
of the forward bias current in the diode). At open circuit conditions these generated
charge carriers pile up resulting in an open circuit voltage, Voc. The device is not
operated at either of these points as at Jsc, V = 0 and at V¢, | = 0 resulting in
no power. The max power (MP) is defined by the fill-factor (FF - a measure of the
‘squareness’ of the IV-curve) and the solar cell is operated at the max power point by
matching the load to the internal resistance, biased by light. These parameters are
shown in figure 2.22.[134]
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Figure 2.22: Typical I-V curve for a solar cell in dark (dashed line) and under one-sun illumi-
nation (solid). The parameters Jsc and V¢ are shown along with the resulting

fill-factor.[134]

Generally the I-V curve of a solar cell is the superposition of the diode in the dark
and the light generated current. The light shifts the I-V down into the fourth quadrant

and power can be extracted from the diode,[135]

J=To [EXP <%) 5 IJ i (&r10)

where ]| is the light generated current. If the cell series resistance is not too high (<10
2 cm?) J; and Jsc can be used interchangeably. The ideality factor n is equal to 1 for
an ideal diode, with higher values indicating non-ideal recombinations present in the

cell at the junction and/or contacts. As the V¢ occurs at zero current

Voc = nI;_T In <% A 1) (2.11)
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The FF is a measure of the squareness of the I-V curve and in conjunction with Jsc and
Voc, determines the maximum power that the cell can deliver

VmpImp

EF =
Voclsc

(2.12)

This FF directly feeds into the device efficiency, the ratio of electrical output to incident

energy which is defined as

Pout VOC]SCFF anxFF
— = = 2.1 )
L Piy p; p; e

Generally efficiencies of 10% must be reached for a solar technology to become
economically attractive.[136] Best single junction cell efficiencies currently obtainable

are around 25%.[137]

2.6.1.2 Thermodynamic Limits

Realistically solar cells are unable to operate reversibly and so cannot reach the Carnot
efficiency of 93% at 1 Sun illumination (1 kW/m?).[138] When illuminated, a solar
cell increases in temperature and emits more energy as blackbody radiation. This
component cannot be used for useful work. Spectral losses account for roughly half of
the wasted energy: light below the bandgap cannot be absorbed and light far above
the bandgap promotes carriers which quickly thermalise to the band edge, with excess
energy lost as heat. Also, despite being minimised by antireflection coatings, some
reflection always occurs at the light transmitting electrode. [139]

The Shockley-Quiesser limit is a theoretical thermodynamic limit to the efficiency
with which a solar cell can convert light into electricity.[140] It is calculated on the
principle of detailed balance (at equilibrium a process should be balanced by its reverse,
i.e. electron-hole generation and radiative recombination here) and ideally assumes
an infinite mobility and only radiative recombination losses. The optimal bandgap for
power generation is between 1.1-1.5 eV, giving an efficiency of ~33%. As the bandgap
of the absorbing material increases the V¢ attainable increases. However, as only
energy above the bandgap can be absorbed, this simultaneously decreases Jsc. This

trade off ensures there exists an optimal bandgap for the best efficiency.[141]
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Figure 2.23: Limiting solar cell efficiency as a function of E¢ for one-sun illumination assuming
only radiative recombination and infinite mobility. This lowers the obtainable
efficiencies in real cells as non-radiative recombination and parasitic resistances

are present.[132]

2.6.1.3 TMD Solar Cell Absorbing Layers

One strategy to reduce the costs of PV is to use materials with a high absorption
coefficient. Direct bandgap semiconductors are highly desirable for this purpose as
absorption of light does not require absorption or emission of a phonon to occur. The
main drawback of ¢-Si technology is it requires ~100 um to absorb all the light that
shines on it. Thin film technologies on the other hand require only 1 um (e.g. CdTe
E; = 1.5 eV). This is beneficial as in addition to being less susceptible to material price
changes it allows deposition on flexible substrates for conformal coating of curved
surfaces.

As they are abundant, cheap, non-toxic, flexible[101, 143-145] and photo-stable[30]
with extremely high absorption coefficients (>10%)[142] and the absence of dangling
bonds,[146] MoS, and WS, make ideal candidates for high quality solar cell absorbing
layers. As mentioned previously in section 2.2.2, it becomes energetically favourable for
group VI TMDs to undergo a transition to direct-gap semiconductors when thinned to
a monolayer.[22, 23]

Monolayer group VI TMDs are only 0.65 nm in thickness. Yet they have been

calculated to absorb 5-10% of the sun’s light (figure 2.24).[142] This is a huge amount;
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Figure 2.24: Absorbance of three monolayer TMDs and graphene overlaid with AM 1.5 solar

spectrum.[142]

graphene is highly absorbing across the whole spectrum and absorbs just 2.3% of the
available light. Comparing this to the most ubiquitous PV absorbing material currently
employed, 50 nm of indirect gap c-Si would be required to absorb similar quantities of
light. As such, solar cells fabricated using TMD monolayers would require significantly
less material allowing reductions in cost as well as a degree of freedom from the supply
& demand concerns of the raw materials. In addition, the increase in magnitude of the
monolayer bandgap shifts it into the visible spectrum, close to the peak for the value
for the Shockley-Quiesser limit as in figure 2.23. Both of the above factors mean TMDs
in their idealised monolayer form have compelling advantages over current state of

the art materials for solar energy conversion.

2.6.1.4 Vertically Stacked TMD Hetero-junctions

Whilst Schottky Barrier solar cells based on asymmetric work-function metal electrodes
(one ohmic or neutral and one rectifying) are possible to fabricate and have been done
so in the lab with TMDs,[87, 147] nearly all commercial solar cells are made with
at least one pn junction in the interests of efficiency. The basal planes of TMDs are
smooth and inert, allowing formation of atomically thin pn junctions from a monolayer
of both p and n-type material. Vanishingly small interface dipoles have even been

demonstrated between 3D semiconductors such as CdTe grown on bulk single crystal
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TMD substrates.[146] This allows integration of mature 3D semiconductor materials
with 2D TMDs; the van der Waals gap and inert basal plane surface circumventing the
usual constriction of crystallographic lattice matching so important at heterojunction
interfaces.[148, 149] Lattice mismatch at the interface where absorption takes place
would form a high density of recombination centres in this region. This ability to
stack 2D building blocks opens up the possibility of creating different combinations
of TMDI[67, 150] and TMD-graphene[142, 151-155] hetero-junctions with favourable

bandgaps not inherently found in nature.

2.6.1.5 Type-II Band Alignment

WX, TMDs have bands higher in energy than MoX, species due to the higher energy
of the 5d W orbitals over the 4d orbitals. This results in type-II band alignments at
their interface, whereby both the CB-edge and VB-edge of one material are lower than

those of the other constituent material as in figure 2.25 (top-left). Such alignment is

Figure 2.25: Ideal band diagram of WSe,-MoS, hetero-junction pn diode under zero-bias (top
left). Schematic illustration of cross-section of WSe,-MoS, vertical heterojunc-
tion device (bottom left). Output characteristic of device in dark and under 514
nm illumination (right). Inset - temporal photocurrent response of photocurrent

generation at 10 pW.[66]

highly beneficial for dissociation of light generated electron-hole pairs and required for
photovoltaic energy generation. The fact that it is easy to establish p-type conduction

in monolayer WSe, and n-type in monolayer MoS, makes them ideal candidates to
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combine in ultrathin junction solar cells. In addition, the junction in this case is atomi-
cally sharp resulting in stronger electric fields than 3D semiconductor hetero-junctions,
where the transition region is typically established over a couple of monolayers.[156]
This has been illustrated recently in such a device exhibiting well defined current
rectification (ideality factor, n = 1.2) with photocurrent external quantum efficiency
(EQE) of 12% (at 0.5 uW).[66] Respectable values for Vo and Isc of 0.27 V and 0.22
pA are obtained respectively (note that the authors of this publication unfortunately
have not measured the active area of overlap between the two materials and so do
not quote the short circuit current normalised to the film area.) This is in contrast
to electrostatically doped homo-junctions in monolayer WSe,which showed EQEs of

0.1-3%, attributed to the spatially graded doping profile in such devices.[67, 105]

2.6.1.6  Bulk Nano Heterojunction Solar Cells

The large number of inter-flake junctions in liquid phase exfoliated films poses a
problem for solar cells. As is outlined in section 6.1.2, associated localised states
within the bandgap at these sites promote charge carrier trapping and recombination.
However a novel approach may mitigate recombination by mixing optimised quantities
of suitably matched n- and p-type semiconductors in the liquid phase. The mixture
can be used to form films with a graded junction area between two pure layers of the
n- and p-type material (figure 2.26).[157, 158]

This is a potentially powerful technique for liquid phase exfoliation to exploit and
mixing materials to make nanocomposites with well-tailored electronic properties has
already been demonstrated.[53-55] With this in mind one can envision bulk nano
hetero-junctions (BNHs)[157-159] made from TMDs by liquid phase exfoliation. Such
BNHs have been demonstrated for complementary n- and p-type semiconducting
nanoparticles. Significant improvements in device performance compared to the bilayer
analogue can be realised once the mixed phase composition is optimised. Suppressed
recombination results due to more efficient charge separation and transport. This leads
to increased linearity in the intensity dependence of the short circuit current as in

figure 2.27.[157
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Figure 2.26: (a) Schematic of bilayer device consisting of ITO-PbS quantum dots (red)-
Bi,S;(blue)-Ag layers. (b) Schematic of BNH device with nanocomposite tran-
sition layer between bilayers. Band diagram of (c) bilayer and (d) BNH device.
Dark (solid) and one-sun (dashed) I-V characteristics of (e) bilayer and (f) BNH

devices.[157

2.50.2  Thermoelectrics

Good thermoelectric materials demonstrate a high Seebeck effect, whereby charge
carriers diffuse from hot-cold in the presence of a temperature gradient. Thus an
open circuit voltage is generated across the ends of such a material (V = SAT) as in
figure 2.28 (top). Thermoelectric modules are comprised of individual thermoelectric
devices or elements, each consisting of two legs (one p-type & one n-type) connected
electrically in series but thermally in parallel. Under a temperature gradient charge

carriers at the hot ends have more kinetic energy and so diffuse to the cold ends where
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Figure 2.27: Short-circuit current dependence on illumination intensity. Bilayer device shows

strong saturation due to accelerated recombination at high intensity.[157]

they accumulate. Connecting a load across the cold end, this functions as a voltage
source with an internal resistance due to the two legs, which can drive current and
generate power as in figure 2.28 (left). Also, as free charges carry heat as well as charge,
they can provide solid-state active cooling/heating when driven by an external power

supply via the Peltier Effect (Q = ST1I) as in figure 2.28 (right).[160]
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Figure 2.28: Illustrations of the Seebeck Effect (top) upon which thermoelectric generators (left)
and the associated Peltier Effect on which thermoelectric coolers (right) are based.

Taken from Thermoelectrics Group at Caltech website.[161]

This technology provides a means to harvest electrical energy from heat-sources

such as dissipated microprocessor heat for on-chip power generation, waste heat from
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car engines to improve fuel efficiency or even body heat for wearable technology.
Among the notable advantages this technology offers are; increased reliability (and
no noise) due to no moving mechanical parts, requiring no refrigerant or compressor
due to their compact size, which allows them to be used in places where traditional
cooling solutions simply will not fit. Additionally, they allow one to heat or cool by
simply reversing the current. The principle drawback with this technology is its poor
efficiency (5-8% typical) making it expensive. This has largely limited their use so far
to niche applications where no cheaper alternatives exist. For example, they have been
in use since the 1950’s as power generators for spacecraft where a radioactive element

provides the heat-source.[162]

2.6.2.1  Thermoelectric Figure of Merit, ZT

Recently the need for non-carbon-based energy generation has led to a new interest
in thermoelectric materials that could scavenge electricity from waste heat produced
by factories and engines; more than 60% of the energy produced in the UK is lost as
waste heat.[163] The key challenge is to impair heat conduction whilst promoting the
electrical transfer of charge & energy. A material such as this is often aptly referred to as
an ’electronic crystal-phonon glass’, obtained by engineering low thermal conductivity
materials whilst retaining their attractive electrical, mechanical and optical properties.
The relationship between all these concepts is encapsulated in the dimensionless

thermoelectric figure of merit (FoM)

2
ZiR— (S ZDC> I (2.14)

The FoM is directly related to the efficiency with which a thermoelectric material can
operate. In this equation T represents the temperature, opc the electrical conductivity
and « the thermal conductivity where x = &j4ice + Kelectron- The Seebeck coefficient, S
has units of V K. In terms of the power-factor (S%0pc), highly doped semiconductors
(n = 10" — 10*! cm™?) make for ideal thermoelectric materials as opposed to insulators
whose opc is too low, or metals with their low S (~-5 yVK™) and negative temperature
co-efficients of resistance. A higher FoM brings the efficiency closer to the Carnot

efficiency. For maximum power generation, the external load resistance should be
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matched to the resistance of the generator. Then the efficiency, given by the electrical

output W over the heat absorbed at the hot junction Qp reads

W _ AT  V1+ZTwe -1
Qu Tt 1= ZTae + 15

In practice values of ZT > 1 are very hard to realise.[164] However, as ZT scales

HMax = (2.15)

with the electrical conductivity, there is scope for further improvement if the electrical
conductivity could be increased.[2, 51, 165] At the same time, the factors comprising
Z are all intimately related competing quantities; enhancing one usually results in
degradation of one or both of the others. For example, as S o« m* an increased effective
mass may seem to offer an opportunity to increase the power factor. In practise this
is negated due to the decrease it induces in opc by reducing the carrier velocity.[160]
Moreover, doping boosts the electrical conductivity via an increase in the charge carrier
density. Unfortunately, this simultaneously increases the thermal conductivity «,- via
its electronic component by the Wiedemann-Franz Law where L denotes the Lorentz
number as

K- = LoT (2.16)

More importantly, the Seebeck coefficient is also degraded simultaneously, the higher
density of charge carriers serving to decrease the entropy difference associated with
the high and low temperature surfaces of the device which drives their diffusion.[166]
In contrast with bulk materials, nano-structured composite materials offer an avenue
to synergistically reduce the thermal conductivity through increased phonon interface
scattering, whilst also providing a decoupled, unimpeded electrical pathway through

the material due to different mean free paths for charge carriers and phonons.[164]

2.6.2.2 Liquid Phase Exfoliated TMD Films for Thermoelectrics

Thin films of layered materials produced by liquid phase exfoliation may offer several
avenues to improve the thermoelectric figure of merit and thus the efficiency. Composite
films of single wall carbon nanotubes (SWNT) and MoS, (similar to the ones in chapter
5) have been fabricated by our group and tested for the power factor as a function
on SWNT volume fraction.[51] The small decrease in the Seebeck co-efficient is more

than offset by the increase in opc and a well defined peak exists at a certain nanotube
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loading level (figure 2.29). However measurement of the thermal conductivity has so
far proven challenging due to the inherently low thermal conductivity coupled with

the low mechanical strength of such films.
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Figure 2.29: Thermoelectric power factor, S?opc for MoS,-SWNT hybrid films as a function
of SWNT mass% (film thickness 50 um).[51] Small decrease Seebeck co-efficient
is offset by significant power factor increase where there is a clear peak versus

SWNT loading level.

As is shown throughout this thesis, liquid phase exfoliation produced films are
composed of disordered nanosheet networks containing a large number of flake
edges. Whilst these ultimately prove detrimental for optoelectronic applications by
diminishing the mobility and acting as traps and recombination centres within the
bandgap, such interfaces may actually prove beneficial in the case of thermoelectrics.
Though their impact on « is complicated, the inherent disorder and accompanying
high density of material interfaces in these as-produced films can beneficially attenuate
phonons when optimized. Additionally, liquid-phase processed films are typically
~40-50% porous containing large amounts of free-volume between flakes.[167, 168]
Porosity can serve to decrease x and is a signature of good thermal insulators such as
Styrofoam. As heat-flow through a heavily-disordered, mesoscopic material is carried
by a spectrum of phonons with varying wavelengths (mean free paths <1 nm - 10 ym),
phonon scattering at a variety of length scales is important for broadband impedance

so that a temperature difference may be maintained across a thermoelectric module
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or element.[160] Finally the bonding anisotropy inherent in 2D materials gives rise
to corresponding anisotropies in both their electrical and thermal conductivities. In
the case of x this is a symptom of the weaker van der Waals bonding and so lower
spring constant in the out-of-plane direction. This fact can be geometrically exploited
in module design to further reduce the device thermal conductivity.[169] In fact, Bi,Te,
is one such layered chalcogenide (composed of five hexagonal monatomic layers
perpendicular to the c-axis, referred to as quintuples)[170] that is already known as an
exceptional thermoelectric material, showing a ZT > 1 around room temperature.[127]
This is fundamentally due to its small bandgap (~0.2 eV) and heavy constituent

elements, which lower the sound velocity through the material according to

= %va,,l (2:17)

In this equation Cy is the specific heat capacity per unit volume and v, & [ are the

phonon velocity and mean free path respectively.[171]
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METHODS

3.1 INTRODUCTION

This chapter outlines the main methods used for materials preparation and characteri-
sation throughout this thesis. Liquid phase exfoliation is a simple method to process
layered materials. Sonication of the materials in bulk powdered form, in organic sol-
vents, results in stable dispersions of exfoliated nanosheets. Centrifugation is used
to remove any large unexfoliated crystallites and aggregates. UV-visible absorption
spectroscopy can characterise the dispersions of these materials via their electronic
transitions. An estimate of concentration can be performed using the Beer-Lambert
Law. Dispersions may then be dropped onto TEM grids or cast into films for further

physical (SEM & Raman spectroscopy) and photoelectrical characterisation.

3.2 DISPERSION PREPARATION

3.2.1 Sonication

Ultrasonic refers to high frequency sound waves above an audible level for humans
(>16 kHz). Application of ultrasonic energy has several uses across different branches
of science and engineering such as navigation, diagnostic imaging and plastic welding.
It is also been employed in cleaning, having sufficient power to overcome the adhesive
forces of a particle on a surface.[172] Using it in a similar manner then, dispersions of
layered materials in organic solvents are produced by ultrasonication, or just sonication

as it is commonly referred to.
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Being longitudinal, such waves cause the solvent molecules to oscillate about their
mean positions due to the rarefaction and compression stages of the cycle. On rar-
efaction, the cohesive forces in the liquid are overcome. Solvent molecules move apart
from each other and eventually rupture, resulting in cavitation, formation of small
bubbles within the liquid medium. Such cavities grow before collapsing on the com-
pression wave cycle. Liquid motion generates very large strain gradients caused by
rapid streaming of solvent molecules around the cavitation bubble. Also, intense shock
waves are produced on bubble collapse.[173] As adjacent layers are only weakly van
der Waals bound, shear results in delamination or exfoliation of layers from the bulk
material. These thinner layers are then stabilised against re-aggregation by favourable

interaction with the surrounding solvent medium.|[2]

In plane covalent bonds exist within each 2D layer which are much stronger than the
out of plane van der Waals bonds. Sonication induced scission, refers to such covalent
bonds being broken, resulting in the cutting of flakes into smaller entities. This process
increases down to some terminal length with sonication time (It /2, where 1 is mean
flake length) and has been shown to occur in layered materials such as graphene,[174]
MoS;,[175] and more recently, the transition metal oxide (TMO), MoO;.[55] The same

relationship was previously found to hold for 1D carbon nanotubes.[176]

Most modern sonication devices apply a high frequency AC voltage to a piezoelectric
crystal causing a change in its dimensions. The transducer then converts electrical
energy to ultrasonic (mechanical) energy. Two main types of sonication apparatus are
used throughout this work. Both employ what is known as power sonication, using
high energy, low frequency waves (20-100 kHz) as opposed to the low power, high

frequency ultrasound used in imaging.[177]

3.2.1.1 Sonic Bath

Apart from the large scale solvent study in chapter 4, a Branson 1510E-MT sonic
bath (20 kHz, 16 W) has been used in this thesis. Sonic baths are typically low power
(<25 W). As such they require longer sonication times to achieve a given degree of

exfoliation. The steel bath is filled with water and the sample held within a vessel,
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typically a vial within a beaker. The sound waves then penetrate the walls of the
vial and beaker. Baths tend to suffer from poor reproducibility even when a common
model is used due to effects such as water heating.[174] As such they are usually
employed only to help homogenize mixtures or re-agitate older samples that may have
undergone a degree of sedimentation. A large bath can facilitate a higher throughput
and is useful when a solvent study is required across multiple materials. However
they house several transducers which means they suffer from less homogenous power
output. This can be mitigated by cycling samples throughout different zones within

the bath for allocated times.

3.2.1.2  Sonic Tip

Figure 3.1: Programmable Sonic Tip offers improved reproducibility over the bath.

The model of tip used frequently in the work of this thesis is the Vibracell, GEX750,
750 W, 20 kHz from Sonics Materials Inc.[178] With this apparatus a probe is placed
within the sample held in a vial. The standard procedure is to centre the probe in
contact with the bottom of the vial then raising it just above bottom before beginning
to sonicate. The energy input can be controlled by the user by varying the amplitude of
vibration and allowing for on-off pulsing of the tip, facilitating sample cooling. Much
shorter sonication times are required due to the higher power. A horned probe may
be used for larger volume sonication. Samples are generally cooled using ice or an

external chiller.
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3.2.1.3 Organic Solvents

solvent Op (MPa)'/2 Op (MPa)'/? O (MPa)'/?
DMF 174 13.7 11.3
NMP 18 123 12
cyclohexanone 17.8 8.4 o:l
IPA 15.8 6.1 16.4
chloroform 17.8 3.1 Si7
acetone 15.5 10.4 7

Teble 3.1: Solubility Paramters of typical high (DMF, NMP, cyclohexanone) and low (IPA,

chloroform, acetone) boiling point solvents.[179]

A solvent is a liquid that serves as a medium for a reaction. A range of solvents
can be used to exfoliate layered materials depending on the application. Solubility
parameters (see chapter 4) are based on material properties such as the surface energy
or cohesive energy density. Their role in sonication of TMDs is outlined in detail
chapter 4. The Hansen solubility parameters (based on cohesive energy density) of the
most commonly used of these in liquid phase exfoliation are shown in table 3.1. Of
these, the characteristics of a typical high and low boiling point solvent are outlined

below.

32.i.4 N-Methyl-2-pyrrolidone (NMP)

N O

|
CHj

Figure 3.2: NMP molecule. NMP is one of the best performing solvents for liquid phase
exfoliation of nanomaterials. However it is notoriously difficult to remove due to its

high boiling point.
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NMP is a high boiling point (~204 °C), viscous, aprotic polar solvent of chemical
formula C;HgNO. It has a high dielectric constant (e;= 32) and dipole moment (up=
4.1 D). Its uses in industry include as a paint stripper, de-greaser and drug solubilizer.
It is colourless, though it can appear slightly yellow with age. As it is hygroscopic
it is important to store it carefully or use fresh stock when exfoliating. It is one of
the most successful solvents at exfoliating low dimensional nanostructures such as
CNTs,[3] graphene,[180] TMDs[181] and TMOs.[55] The main drawbacks with such
a solvent are being hard to remove, its toxicity[182] and ability to penetrate common
nitrile lab-gloves. In addition, it spoils for long sonication times, polymerizing and

turning yellow, leading to fall out of the dispersion.

3.2.1.5 Isopropanol (IPA)

OH

A

HsC” “CHj,

Figure 3.3: IPA molecule. IPA is poorer for exfoliation but is much easier to remove and also
promotes film formation from dispersions directly on a water surface as in chapter

6 due to its strong H-bonding.

As NMP can be hard to remove, a lower boiling point (though poorer) alternative
solvent is often desirable depending on the application in mind for the exfoliated
nanosheets e.g. for AFM analysis. IPA is commonly found in labs for cleaning purposes.
For exfoliation work higher grade HPLC IPA is used as it generally results in more
stable dispersions.[179] IPA is a colourless compound with a strong odour and chemical
formula C;H,OH. It is a protic, (somewhat) polar solvent with a dielectric constant of
18 and dipole moment of 1.66 D. Having a boiling point of 82 °C it is highly volatile. It

has low toxicity and is readily miscible in water due to its high H-bonding component.
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3.2.2  Centrifugation

In this work all centrifugation was performed using a standard refrigerated bench-top
centrifuge, the Hettich Mikro 22R. Centrifugation rate is programmable from 500-18000
RPM. Six large vials up to 28 ml can be accommodated and spun up to 6000 RPM
using the standard rotor of 9o mm radius. Twenty four smaller tubes (2 ml) may be
accommodated on the high speed rotor of 87 mm radius, which can be spun up to

18000 RPM.[183]

A centrifuge is driven by an electric motor and rotates an object about a fixed axis,
with the centripetal force then being applied perpendicular to this axis. Once soni-
cated, the dispersions contain a range of flake lengths and thicknesses. Centrifugation
works on the sedimentation principle whereby heavier, unexfoliated crystallites and
aggregates separate along the radial direction toward the bottom of the tube. Thus
the lighter, exfoliated components remain towards the top of the dispersion in the
supernatant. This process will occur itself over time under gravity. Centrifuging speeds

up this process by increasing the gravitational force.

The supernatant containing the exfoliated nanosheets is decanted for further use.
Such a supernatant will still be polydisperse, consisting of a range of nanosheet sizes.
However these resultant dispersions may be spun at different rates and decanted to

allow size selection and narrow the polydispersity.[52, 55]

It is useful to calculate the relative centrifugal force (RCF) on the particles in the
dispersion. This quantity can be compared consistently across centrifuges of different
radii, whereas RPM cannot. During the circular motion a centripetal force is applied.
The acceleration due to this force is measured in multiples of g, giving a dimensionless
quantity. Other symbols are denoted by r - radius and « - angular velocity.

2y

w
REF—i=—— (3.1)
< 3

RCF = (1.118 x 1073) x r x RPM? (3.2)
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3.3 FILM FORMATION
3.3.0.1  Langmuir-Blodgett Method

Substrate

gl -

Water

Figure 3.4: Langmuir-Blodgett deposition process. Figure adapted from [184]

Popular film formation techniques employed by our group include vacuum fil-
tration onto porous membranes (which can be transferred to desired substrate and
dissolved),[185] spraying[186] and inkjet printing.[187] Such techniques generally re-
quire well exfoliated entities to make up the resultant films, for example to prevent the
nozzle clogging whilst inkjet printing. However, when using films fabricated in these
ways in an out of plane geometry, this leads to shorting of the metal electrodes on
the evaporation step. This fact led to the preparation of dispersions of larger particle
size, which were either un-centrifuged (chapter 6) or centrifuged only to remove the
smallest flakes (chapter 7). Dispersions such as these with larger than usual entities
do not lend themselves to being processed in thestandard ways just mentioned. This
coupled with TMD'’s inherent hydrophobicity, led to fabrication of the films on a water

surface, using a technique based in principle on the Langmuir-Blodgett method.

Typically the Langmuir-Blodgett method is used to form very thin films of organic
molecules. More recently, the method has been used to form thin films made from
2D graphene.[184, 188] A plastic or Teflon coated trough holding water with movable
barrier blocks that can compress the film are used. DI water (18 M2 cm) is used as
even small amounts of contaminants will significantly change the surface tension of
the water phase. Air contamination could be avoided by performing film formation

in a cleanroom environment. Stability can be improved by mounting the trough on a
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vibration isolation table. The trough should be thoroughly cleaned with IPA before
filling with water. The dispersion is then slowly dropped onto the water surface
using a micro-syringe until it uniformly covers the surface. A pump can be used to
continuously drop dispersion at a constant rate to keep the film on the water surface

uniform.

For transfer to the substrate, depending on the molecular species forming the film
can be extracted vertically, at an angle or horizontally. Ideally this is done in an
automated manner, at a slow constant speed, by using a motor and pulley. Multilayers

are achieved by successive dipping once the layer has dried sufficiently.

3.4 SAMPLE CHARACTERISATION

3.4.1  UV-Visible Absorption Spectroscopy

Figure 3.5: Monochromatic light of incident intensity I passing through a quartz cuvette of
length 1. The absorbance over the path length is proportional to the concentration

by the Beer-Lambert law at low concentrations.

The equipment used throughout this thesis for characterising the absorption of
dispersions of nanomaterials is a Varian Cary 6000i (200 — 1800 nm) dual beam
spectrometer. This machine uses a tungsten lamp as a source of visible-IR light and a
deuterium arc source for UV.[189] Splitting the incident & reference beams improves

accuracy and minimizes reflection, scatter and absorption of light by the solvent. A

P ——
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chopper allows the detector alternate between sample and reference beams as in figure
3.5. Light from the source is split into its individual wavelengths by a monochromator
which consists of a diffraction grating and series of mirrors and slits. Light is detected

using an InGaAs photodiode.[190]

diffraction rotating disc
o 0 sam
o sit | -
light source :
|

detector
—E——b@—» nd
reference e
cel

mimor

chart recorder

Figure 3.6: Path of light beams within the double-beam spectrometer. Note different colours

do not refer to different wavelengths of light, only different light paths.

Ultraviolet-visible (UV-Vis) absorbance spectra are recorded by holding the disper-
sion in a quartz cuvet and exposing it to light of different wavelengths via a diffraction
grating. Photon absorption occurs at particular energies by exciting an electronic
transition within the material.[189] This decrease in irradiance reaching the detector
is recorded as an increase in absorbance (a measure of how efficient the absorption
is). For semiconductors, an appreciable amount of light will only be absorbed once
the bandgap has been exceeded. By Fermi’s Golden Rule, the absorption spectrum
then is a measure of the joint density of states in the conduction band. Whilst this spec-

troscopy works well for solutions, dispersions have a significant scattering component

of light which does not reach the detector. In addition, molecules are close together

enough in solution to influence each other’s energy levels. This broadens the peaks
into absorption bands over a number of wavelengths. UV and visible light are also
energetic enough to promote vibrational (IR) and rotational (microwave) transitions in

molecules which also contribute to the broadening.[191]
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This process can be understood through the Beer-Lambert Law. Let a monochromatic
parallel beam of light of intensity I pass through an absorbing material of infitinitesmal
thickness dl as in figure 3.5. Light passing through the reference sample is at intensity

I). If I < Iy the material has absorbed a portion of the incident light

I
A = log, <1_0> = —log, T (3-3)

The amount of light absorbed depends on the number of molecules it interacts with,
which is proportional to the concentration C. Also, standard cuvettes are often 1 mm
or 1 cm in thickness so the path length I of the light through the sample is known.

The extinction co-efficient € has units of Litres/g/m and is a function of the light’s

wavelength.
A = —¢Cl (3-4)
34.2 Electron Microscopy
Electron
SEM beam
( % Characteristic
Secondary R T
Electrons \ / :
\*
Augier N
Electrons \ / Specimen

I
TEM | Energy loss
1 electrons

Diffracted and d

scattered Zero loss,

electrons Slightly scattered

electrons

Aperture

Detector

Figure 3.7: Typical processes electrons undergo when interacting with matter.[192]

As nanomaterials exist below the wavelength of visible light, their imaging requires

high resolution. Optical microscopy has a theoretical resolution of

PRSI, ST
" 2nsinf ~ 2NA

(3-5)
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limiting its resolution to a couple hundred nm. In the above equation, # is an integer
multiple of the wavelength A, whereas 6 is the angle of incidence and reflection and
NA is the numerical aperture. As electrons have an associated de Broglie wavelength

and interact with matter they may be used for imaging.
h
A= —=— (3.6)
P

In an electron microscope, electrons from a source are produced at the top of a column
by thermionic or field emission. These are extracted under vacuum and are condensed
and focused into a beam using electromagnetic lenses and apertures. The magnetic
lenses can be varied in focal length and magnification by simply modifying the amount
of current passing through them. The beam then traverses a vertical path through the
microscope toward the sample. Being charged the electrons may have their kinetic

energy increased by an accelerating voltage.

%mv2 = (| (3:7)

A relationship can then be established between electron wavelength and accelerat-
ing voltage. By increasing the voltage the wavelength of the accelerated electrons is

decreased, improving the resolution.
A= (38)

In practice, whilst electron microscopes are not diffraction limited they suffer from
aberrations (chromatic and astigmatism) and as such are far away from these resolution

limits.

3.4.2.1 Transmission Electron Microscopy (TEM)

TEM imaging in this work has been carried out with a Jeol 2100 TEM system operating
at a voltage of 200 kV. This equipment uses a LaBg source and can operate between

80-200 kV with a maximum high contrast resolution of 0.31 nm.[193]

In TEM high energy electrons (100-400 kV, magnification x50-10°) are used to image
thin, electron transparent samples (<200 nm). The image consists of the spatial variation

of slightly scattered electrons reaching the detector, forming a 2D projection of the
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Figure 3.8: Components of a TEM column.[192]

3D object. Typical max resolution for TEM is ~0.2 nm and is limited by aberrations.
Aberrations become more prominent as one moves to higher resolution imaging. The
three main types are spherical and chromatic aberrations as well as astigmatism.
Astigmatism is caused by an asymmetric magnetic field along the pole piece. It can be

somewhat corrected for with a weak quadrupole lens, a stigmator.

The microscope consists of 3 main sub-systems under vacuum; the illumination,
objective lens and imaging systems. The illumination system at the top consists of an
electron source (LaBg crystal, or W filament) and two condenser lenses. Alignment is
most crucial at this stage to form a well resolved image. Emitted electrons are focused
and formed into a beam that is extracted from source down through the sample.
Electrons undergo scattering events within the sample and are emitted with a variety
of angles and energies to be collected by the objective lens. This lens gathers electrons
directly from the object being observed and focuses them to form a real image. It is

centrally important and determines the quality of the final image.

Once transmitted the imaging system projects and magnifies the transmitted beam
to form an image in the image plane. A projector lens uses the image formed by a

preceding lens as an object rather than a physical object. Electrons can then be detected
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by a cooled CCD to record images. Also, a diffraction pattern which can be used to
determine crystal structure, is created in the back focal plane due the electrons having

wavelengths similar in size to typical lattice sizes.[194]

3.4.2.2  Scanning Electron Microscopy (SEM)

Electron Electron Gun
-+

| w m Magnetic

Al 4— Lens

ToTv
Scanner

Figure 3.9: SEM and its sub-systems.[192]

In this work a Carl Zeiss Ultra Plus with LaBg source has been used. All imaging has
been carried out at <5 kV. The SEM operates at typically lower energies (100 eV-50 keV,
magnification x10-300,000) than the TEM. It is useful for imaging surface morphology
and obtaining information on chemical composition of thicker samples. The electron
beam (~1 nm) is extracted by the anode and condensed by the condenser lens. It is
then raster scanned by varying current through the scanning coils and interacts with
the sample atoms at or near the surface. Electrons as well as characteristic x-rays are
emitted back towards the source. The sample must be conductive or coated with a thin
metal layer to avoid electrostatic charging, which deflects the beam.

Resolution is typically limited to a few nm by a combination of the size of the
electron spot and the interaction volume. The interaction volume is teardrop shaped
and large in relation to the beam spot size. The size of the teardrop depends on the

atomic number of the sample as well as its density and the electron acceleration energy.
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Figure 3.10: Teardrop shaped interaction volume for electrons involved in SEM imaging.[192]

The two primary types of electrons involved in SEM imaging are back (elastically)
scattered electrons and secondary (inelastic) electrons. Low energy (<5 eV), inelastically
scattered electrons give information within a few nm of the sample surface. Thus
they are good for surface imaging. Back scattered electrons are higher in energy
and produced from deeper within the interaction volume. Since heavier elements
backscatter electrons more strongly this can be used to detect contrast between areas
of different chemical composition. Similarly characteristic x-rays are emitted when the
electron beam removes core shell electrons from the sample which are filled by an

electron from a higher shell.

3.5 PHOTO & ELECTRICAL CHARACTERISATION

3.5.1 Electrode Fabrication

3.5.1.1 UV Lithography

In this work the photomask has been written using a Heidelberg DWL 2000. UV
exposure has been performed with an OAI 8oo FSA frontside mask aligner system,

which can define feature sizes down to roughly 5 pm.
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Figure 3.11: UV litho process steps for patterning electrodes in SiO, substrates.[192]

UV lithography is a micro-fabrication process to transfer a geometric pattern from

a photomask to a light sensitive polymer-solvent solution known as a photoresist.

Masks are made from quartz coated with chrome and resist layers. The chrome is
opaque to the UV light, blocking it from irradiating the resist where present. Once
the mask pattern has been designed using CAD software such as CleWin the blank
mask is exposed to a laser to be written and etched. UV light is used as the feature
size which can be resolved is proportional to the wavelength of the light divided by

the numerical aperture (NA). The process is relatively quick and easy. Substrates must

Sio2 | sio2 | | Sio2 |

Incomplete Under devel
vaiiotait r developed Over developed

Figure 3.12: Development of exposed (positive) photoresist.

be well cleaned before use to promote resist adhesion. They are then baked at 150 °C
for 5 minutes to dehydrate the substrate. Having cooled down, a spin coater is used to
deposit the thin layer of resist onto the substrate, usually a silicon wafer. Typical recipes
used spin the substrate at 5000 RPM for 1 minute to produce a resist thickness of 1
pm. A thinner resist film will generally improve resolution. S1813 positive photoresist
has been chosen. Positive photoresists also improve resolution over negative resists
(exposed resist not developed away). The resist covered substrate is then baked for 75
seconds at 115 °C to drive off any remaining solvent before being exposed to intense

UV light. This causes a chemical change in the exposed areas which allows removal by
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an alkaline corrosive developer solution (MF-319). Care must be taken at this point
not to over or under develop the sample which will lead to either patchy electrodes or

else short them out. Metal can then be deposited before being removed by lift-off in

acetone to leave behind the desired metal pattern.

o “
/“iﬂ

Figure 3.13: UV lithographically patterned 50 nm thick gold electrodes deposited on SiO,(300
nm oxide thickness) substrate. Channel separations increase in steps of 10 um from

20-80 um.

3.5.1.2 Metal Deposition

All metal deposition in this work has been carried out using a Temescal FC 2000
e-beam evaporation system. Electrons are generated by a heated filament. These are
then extracted and bent as a beam to be applied to the metal under high vacuum. The
kinetic energy of the electrons comprising the beam is transformed into heat energy
on contact with the metal, resulting in a concentrated heat source for melting. The
directed vapour stream of metal particles then condense onto the substrate as a thin
film and a crystal monitor measures the deposited film thickness and evaporation
rate.[195]

A rise and soak method is used so stable heating of the metal can occur. The e-beam
power supply can provide up to 6 kW of continuous power from o-10 kV. Once it is
switched on, the high voltage is raised to an intermediate level and held before being

brought up to full power.

The vacuum system in this tool consists of an isolated rough (compression) pump
and onboard cryopump which can reach down to a pressure of 107 Torr. Low pressures

are required to enable molecular flow conditions, so that the evaporated film will form
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Figure 3.14: Rise and soak cycles used to heat the metal to be evaporated uniformly. Allows

higher quality film deposition.[195]

uniformly on the substrate. During the roughing cycle pressure is measured with a
Pirani gauge. Such gauges are useful over a pressure range from 1-10* Torr and are
based on thermal conductivity. A heated tungsten filament increasingly loses heat to
the gas as molecules collide with it as the pressure is increased. Tungsten is chosen for
its high temperature co-efficient of resistance. This decrease in temperature is read as

a decrease in resistance of the filament in a Wheatstone bridge circuit.

The cryopump consists of a cold head (connected to a remote compressor) and two
condensing arrays and is isolated until the system is roughed down. The outer array

is generally for condensing high boiling point liquids like water and oil. The inner

stage is used to trap lighter elements and as such requires lower temperatures (~10 K).

Ionisation gauges are used to measure pressures from 103-10" Torr, where the particle
count is very low. Such gauges work off ionizing a gas before counting and amplifying
the signal. Two main types exist; hot cathode and cold cathode. A hot cathode gauge

liberates electrons from a thermionic cathode which are accelerated and collide with

gas molecules causing impact ionisation. A cold cathode gauge is used in the Temescal.

These gauges contain no hot filament. An electron plasma is confined and circulated
by crossed electric and magnetic fields to increase its path length, increasing collisions
with gas molecules. Positively charged ions are then measured as a current as an

indirect measure of gas pressure.
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Once placed in a source crucible or pocket the metal must be pre-melted before
depositing. Failure to do so results in poor uniformity of the evaporated film and
contamination due to outgassing. This tool can accommodate up to 6 pockets for
different metals. The source to substrate distance is quite large at 19.5”. This combined
with the rotating dome substrate holder ensures good film uniformity. However this
results in more metal being wasted to evaporate a film of a given thickness. This
is especially undesirable in the case of expensive precious metals such as gold and
platinum. The process chamber can be isolated by a gate valve to facilitate fast loading

and unloading of samples.

3.5.2 Electrical Measurements

A Keithley 2400 source meter has been used throughout this work for sourcing voltage
and measuring current on TMD films in order to measure the conductivity via their
I-V curves. Such a unit allows one to source voltage from 5 pV- 200 V and to measure
current from 10 pA- 1 A and also functions as a high impedance digital multimeter.
This instrument has been chosen as it offers a flexible low cost solution for facile
device characterisation. Compared with a conventional power supply it gives superior
resolution (5.5 digits) and a high dynamic range.[196] All I-V measurements and I(t)

measurements at constant bias were controlled and recorded using a LabView program.

Figure 3.15: Keithley 2400 being used to source voltage and measure current for a

(photo)resistor.
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Typical film resistances of such films generally ranged from GQ (MoS,) to M2

(WSe,) depending on the transition metal and chalcogenide composing the TMD.

These measurements were performed in a two terminal configuration, postulating that
the total resistance of the films should be large compared to the contact resistance and
thus the electrical properties being measured are still dominated by the bulk material

despite the voltage drop at the contacts.

3.5.2.1  Metal Contacts

Contacts used in this work are usually pre-patterned bottom contacts. Access resistance
is less of an issue for such contacts as they are in the same plane as the channel.[197] As
these films are composed of a disordered array of nanoplatelets they generally exhibit
a good deal of surface roughness. This makes it difficult to use cleanroom processing
techniques on a film surface leading to poor reproducibility. The fact the electrodes are
pre-deposited means selecting a higher workfunction metal so that metal in contact
with semiconductor is not oxidised. Gold is a common choice in TMD electrical studies
and has been the metal of choice for most of this work. Another consideration with top
contacts is evaporation of the metal onto the semiconductor may promote alloying as
well as metal diffusion through the network along the many grain boundaries. In out of

plane electrode geometries this has led to shorting liquid phase processed films.[112]

3.5.3 Solar Simulator

A low cost, low power solar simulator (Newport 9g60000), fitted with an ozone free high
pressure (10 bar) Xe-arc discharge lamp (150 W) with wavelength range 250-2200 nm
has been used for the photoconductive studies in this work. This produces a 33 mm
diameter collimated beam and was calibrated against a standard Si based reference
cell in the presence of an air mass (AM) 1.5 filter. Use of such a simulator is justified
where the precise uniformity and spectral match of a much more expensive class AAA

solar simulator are not required.
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Light intensity at the sample is controlled using a set of neutral density filters (NDFs).
The housing holds the lamp, a rear reflector to collect back radiation, fan, and an F/1
quartz condensing lens. A low F number can collect and collimate more light at the
cost of aberrations. If image quality or spot size are important a higher F number can

be used.[198]
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Figure 3.16: Comparative curves of light intensity as a function of wavelength for a 6000 K
blackbody (surface of the sun), AMo or zero atmosphere (for space applications)

and AM1.5 representing the atmosphere (at temperate latitiudes)[132]

The Xe spectrum is broadband and mimics that of the surface of the sun. Although
roughly featureless, an additional strong line output exists in the 800-1100 nm region.
The surface of the sun closely approximates a 5800 K blackbody. This line output must
be filtered as most absorption spectra of semiconducting materials are far from flat
and this can lead to misleading results if the line output corresponds to a region where
the semiconductor’s responsivity is high. An air mass filter modifies the spectrum to
approximate standard terrestrial solar conditions including direct and diffuse (known
as ‘global’) light. Such a source gives an intense collimated beam due to the small (0.5
x 2.2 mm), high radiance arc source. Other than lasers, arc lamps are the brightest
manufactured source of DC radiation. It should be noted the output of arc lamps
decreases with time due to bulb blackening which can result in a decrease in output of

up to 20%. The spectrum also changes slightly with lamp aging.

Irradiance in units of W/m? is the power incident on a surface, also known as the

intensity. Spectral irradiance refers to irradiance at a specific wavelength and so is
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usually quoted in units of W/m3 (W/m?nm). The total power density emitted from a

source can be calculated by integrating this spectral irradiance over all wavelengths. It

AM=P/P, = 6, ZENITH
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Figure 3.17: Schematic showing relation between the air mass the sun’s light must pass through

and the zenith angle of the sun[198].

is convenient to describe this irradiance in ‘suns’. Thus one sun is equal to an intensity
of 1360 W/m? at 25 °C and is the standard value of the solar constant just outside the
earth’s atmosphere. This is known as AM o conditions as the sun’s light has not yet
passed through any atmosphere. At the Earth’s surface irradiance is attenuated due to
absorption, scattering & reflection by air molecules and aerosols in proportion to the
path length through the atmosphere. Variations in atmospheric composition, global
location, seasons and time of day are also influencing factors. Atmospheric absorption,
for example, ozone absorbs UV, and water vapour absorbs strongly in the IR, also
modifies the terrestrial spectrum, creating dips. Standard solar cell testing conditions
are known as AM 1.5 conditions, corresponding to a zenith angle of 48.2 °C, where

AM=1/cos(9). The power density in this case is 1000 W/m?.[199]
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SOLVENT EXFOLIATION OF TRANSITION METAL
DICHALCOGENIDES

4.1 INTRODUCTION

Whilst mechanical exfoliation can produce high quality samples for research, applica-
tions of layered materials will require them to be processed in large amounts. Solution
processing based methods can generate such quantities whilst being compatible with
current roll to roll printing techniques for thin film formation. Such techniques (e.g. dip
coating, spraying, inkjet printing etc.) are high throughput and require low processing

temperatures (~70 °C), making them economically attractive.

Liquid phase exfoliation (LPE) is a method based on sonication assisted exfoliation
in organic solvents or aqueous surfactant solutions.[2, 51] It results in mono and few
layer sheets of layered material stabilised by interaction with the solvent or surfactant.
This is a facile method, compatible with atmospheric conditions and amenable to
industrial scale up.[200] It is the processing technique used throughout this thesis to

enable all subsequent studies.

Predicting which solvents will dissolve a given solute requires a reliable method.
Interaction potentials and thus forces between molecules have thermodynamic implica-
tions and determine the properties of a system of molecules. Mixing thermodynamics
and solubility theory was first developed for solutions of small molecules in solvents
and subsequently extended to polymer-solvent mixtures. Such methods have been
modified to consider the interaction taking place at a well defined surface in the case
of nanomaterials.[201] This methodology has been applied to study the dispersion of
CNTs[3] and graphene[180] in organic solvents. In this chapter we look to verify this

extension of solution thermodynamics to dispersions of TMDs in organic solvents.
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4.2 SOLUTION THERMODYNAMICS

For non-electrolytic liquids the solubility of a given solute is understood via the free

energy of mixing
AGpmix = AHpmix — TAS mix (4.1)

where A Hpy is the enthalpy of mixing and AS iy is the entropy of mixing. AG iy
represents the maximum amount of work that can be freed from system to perform
useful work,[202] in this case to increase surface area on exfoliation. Solvation is

thermodynamically favoured if AGy, < 0.

A solution constitutes a microscopically homogeneous single phase mixture of
small solute molecules with solvent. In such a mixture the entropy of mixing is
large and drives the mixing process. Being rigid macromolecules, the entropic term
for low dimensional nanostructures such as 1D nanotubes or 2D nanosheets in a
solvent is much smaller. Such mixtures comprise a two phase colloidal dispersion
of a nanomaterial dispersed in a continuous medium, displaying aggregation and

sedimentation over time.

The lack of entropy change on mixing in such colloidal dispersion renders the
enthalpy term in the reaction crucially important. The enthalpy of mixing is the
difference in energy between the mixed state and the two unmixed components.

Exfoliation is favoured by minimizing the net energetic cost to do so.

AHpmix = Hayp — (Ha + Hp) (4-2)

The energy change on mixing can be found by calculating the intermolecular binding
energies between adjacent cells in a cubic lattice model.[201] In this model solvent
molecules occupy a single site 1, whereas 2D platelets or nanosheets occupy a square
array of (n x n) sites. Use of the lattice model works well as van der Waals interactions
are short range, falling off as r . This means only nearest neighbour interactions, z

need be considered for each of the N molecules. The enthalpy of mixing then depends
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on the sum of the interactions between adjacent molecules of the form ess, ensNs
and eg.ns where S represents solvent and NS the nanosheet. The concept of volume
fraction ¢is also useful in this model. If the interaction eg.ns is favoured, A Hpyiy will
be low and exfoliation can occur.

AHpix
VMix

- ?‘P (1—¢) (es—s + ens—Ns — 2€5-Ns) (4-3)

In a liquid or solid a molecule is surrounded by other like molecules and so has an
inherent cohesive energy due to the sum of these interactions. The cohesive energy
density is a more intrinsic material property related to the intermolecular interaction
energies. For a liquid, it is related to the vaporization energy required to break all the
van der Waals bonds holding its molecules together. Hildebrand proposed the square
root of the cohesive energy density could be used as a solubility parameter, which

would determine if a solute should dissolve in a given solvent.[203]

700 (4-4)

V is the solvent molar volume. The enthalpy of mixing can then be written according
to the Hildebrand-Scratchard equation.

0 _ (1~ 9) (Ors — brs)’ @s)
Equivalently, the strength of the solvent-solute interaction is characterised by a di-
mensionless number, y, the Flory-Huggins parameter. If x < 0 the solvent-solute
interaction is energetically favoured and mixing will proceed. Normally one can

assume the material concentration is low enough in the solvent to write (1 — ¢) ~ 1.
AHytix = x¢ (1— ) KT (46)

The Hildebrand framework was developed for small molecules, primarily interact-
ing via dispersive forces which are proportional to a molecule’s polarizability.[201]
The symmetry between the solvent & nanosheet for this type of interaction allows
approximation using the geometric mean whereby ¢4_p = \/m . However,
the total cohesive energy density generally consists of three main types of (attractive)
interactions present between molecules in the liquid phase. These interactions are also

present in solvent-solute systems.
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1. Dispersion or London interactions occur for all atoms due to quantum ‘uctua-
tions in electron density. This manifests as an instantaneous dipole and thus an
attraction between molecules. The intersite interaction energy is proportonal to

the product of the polarizabilities of the lattice sites[192]
€p,5-Ns = kiasans (4.7)

2. Polar interactions refer here to both dipole-dipole (Keesom) interactions as well
as dipole-induced dipole (Debye) interactions. The intersite interaction energy is
proportional to the square of the product of the dipole moments associated with
the lattice sites[192]

eps—Ns = kapZuds (4-8)
epin,s—Ns = k3 (HEans + uiisas) (4.9)

3. Hydrogen bonding (H-bonding) interactions are complicated and cannot be
simply expressed in terms of intrinsic material properties due to the asymmetric
roles played by donor and acceptor. Whilst hydrogen can form covalent bonds
via its one electron, H-bonding is largely ionic, being formed only between the
most electronegative atoms (O, N, F).[36] In this case it is attracted to two nearby
atoms forming a H-bond between them of the order of 0.1 eV. Its interaction

energy is different to 1 and 2 in that it falls off as roughly r~2.[204]

Interactions 1 & 2 are relatively weak (<o.5 eV) van der Waals interactions (o r~).
The term “physisorbtion’ is sometimes evoked to describe interactions with such small
binding energies. When molecules get too close they experience a Pauli repulsive force
(ecy—12),

Hansen proposed dividing the cohesive energy into three separate parts to reflect
the dispersive (D), polar (P) and H-bonding (H) contributions to the intermolecular

interactions, yielding three new solubility parameters.[205]
63 = 0% + 0% + 0} (4.10)

Combining the Hildebrand-Scratchard (equation 4.5) and the Flory-Huggins (equation

4.6) equations with the Hansen approach, x is minimised (mixing favourable) when

B R —
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all three solubility parameters are simultaneously matched for solvent and nanosheet.

Hansen included the factors of 1/4 in this equation empirically as it fit the data more

accurately.[205]

(8p,s — bpNs)? . (8ms — Orns)>
4 4

0
X = % (6p,s — 6p,Ns) > +

(4.11)

The nanomaterial-solvent interaction takes place at a well defined surface. Solubility

parameters developed in terms of surface energy then may be more appropriate.

Molecules at a surface have fewer nearest neighbours and so have higher energy than
those in the bulk of a material. Thus surface is less energetically favourable than bulk
and an increase in nanosheet surface area requires work. The surface energy of a
layered material is the energy required to overcome van der Waals forces when peeling
two layers apart. In a liquid, surface tension acts inwards from the surface and is the
force responsible for minimising the surface area. It is related to the surface energy by
the universal value for surface entropy of liquids at room temperature of 0.1 mJ K™
m™.[3]

solvent __ Tssolvent

’)/ = ESLH’ sur (412)
The enthalpy of mixing expressed in terms of the surface energies of solvent and

nanomaterial for graphene has been derived as[4]

AHpixy 2
VMix Tns

(Os — Ons) 2 ¢ (4.13)

This expression accounted the energy required to separate all the solvent molecules
and individual graphene flakes to infinity, minus the energy required to bring them
back together as a dispersion with cavities in the solvent medium to hold the flakes
of now different thickness. Here ¢; is the square root of surface energy of phase i and
Tns is the nanosheet thickness. Whilst surface energy has been used as a solubility
parameter for CNTs and graphene, prior to this work it was not clear if surface energy
predicted from solubility measurements is viable for TMDs, another set of van der

Waals bound solids.
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Figure 4.1: Liquid Phase Exfoliation Process

4.3 SAMPLE PREPARATION

All materials were > 99% pure and purchased in powder form. For each material
supplier and particle sizes were as follows: MoS, (Sigma Aldrich, <2 um), MoSe,
(Materion, <45 pm), MoTe, (Materion, <10 pm) and WS, (Sigma Aldrich, <2 pm). In all

cases, dispersions were prepared by adding 75 mg of TMD powder to 1oml of solvent

in glass vials. For each TMD/solvent combination, three dispersions were prepared.

Samples were batch sonicated using a Bandelin, Sonorex RK1028H 28 litre sonic bath
(35 kHz, 300 W) for a total of 400 minutes. As the power is unlikely to be equally
distributed throughout the bath, it was divided into eight equally sized sections and

samples were cycled through each of the 8 sections remaining for 50 minutes in each.

Following established procedures,[2] samples were then centrifuged at 1500 RPM

(226 g) for go minutes. The top 6 ml of each dispersion was then removed by pipette.

These supernatants were placed in either 1 mm or 10 mm cuvettes and their absorbance
spectra recorded using a Varian Cary 6000i in the wavelength range 300-1200 nm. We
report the mean (over three independent dispersions) absorbance per cell length (A/I)
at the following fixed wavelengths (corresponding to the first visible peak in each
spectrum): MoS, - 670 nm, MoSe, - 808 nm, MoTe, - 701 nm, WS, - 627 rm. The
quoted error is half of the difference between minimum and maximum recorded A/1
values. We do not convert A/1 to concentration as well defined absorption coefficients

are not available for each material in a wide group of solvents. The nanosheets in
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each dispersion may have different sizes resulting in variations in the exponent of the
scattering background, making it difficult to define an absorption coefficient intrinsic

to each material.

To test the dispersions of each material for stability CHP was chosen as the solvent.
100 mg of TMD powder was added to 10 ml of CHP. These mixtures were bath
sonicated for 3 hours in a smaller Branson 1510E-MT sonic bath (20 kHz, 16 W). They
were then sonicated using a point probe (VibraCell CVX, 750 W, 25% amplitude).
Following this samples were then centrifuged using a Hettich Mikro 22R at 1500 RPM
for go minutes and the top 6 ml retained for analysis. To achieve the transparency
required for sedimentation analysis these dispersion were diluted by a factor of 20

with CHP (10 for WS,).

Samples were prepared for TEM analysis by dropping 5 or 6 drops of dispersion
onto holey carbon grids. TEM was performed using a Jeol JEM2100 LaBg at 200 kV.
Thin films were prepared by filtration through porous Millipore membranes with 25

nm pore size. SEM analysis was performed with a Zeiss Ultra Plus.

Raman spectra were recorded using a WiTec Alpha 300R with a 532 nm excitation
laser and 1800 lines/mm grating. Average spectra were obtained for each sample from
line scans consisting of 50 discrete spectra, each with an integration time of 60 s, taken
over a line 200 ym in length. A 20x objective lens was used with a laser power less
than 0.5 mW. This lens has a numerical aperture of 0.4, corresponding via the Rayleigh

criterion to a max resolution of ~800 nm (R = 0.61y).

4.4 RESULTS AND DISCUSSION

In this section, results of the experiment to estimate the dispersability of four different
types of nanosheet in a wide range of solvents are presented. By varying the chalcogen
atoms we can modify the nature of the surface which is interacting with the solvent. The
results are then analysed with solution thermodynamics to test if it indeed provides a

valid framework for these TMD-solvent systems.
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4-4.1  Characterisation

4.4.1.1  UV-Vis Spectroscopy
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Figure 4.2: Normalised extinction spectra for TMD dispersions in cyclohexylpyrrolidone (CHP).

Inset: log-log plot suggests presence of a power law scattering background.

Optical absorbance spectra of dispersions of MoS,, MoSe,, MoTe, & WS, have
teen measured in 21 different solvents. Typical spectra are shown in figure 4.2 and
eppear superimposed on a power law scattering background (inset). The exponent
associated with this background is known to vary with centrifugation rate and thus
fake size.[2, 51] Otherwise the spectral shapes are as expected, exhibiting peaks at
energies corresponding to electronic transitions. For example, the MoS, spectrum is
cominated by the prominent A & B exciton resonance peaks at 610 & 670 nm and
e strong broad hump around 450 nm. The A & B excitons originate from the direct
tansition at the K point of the Brillouin Zone and are valence band split by spin-orbit

oupling.[206]

Absorbance over cell length can be used as a measure of dispersed concentration

ty the Beer-Lambert Law(A = aCI). All measured values are listed in table 4.3 in the

i
1400
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appendix at the end of this chapter. The dispersed concentration varied over three
orders of magnitude for the range of solvents used. In all cases the best solvent is
either NMP or CHP, which are also known to efficiently disperse nanotubes and

graphene.[3, 180]

4.4.1.2  Transmission Electron Microscopy (TEM)

Figure 4.3: Representative TEM images of multilayer nanosheets of each of the four TMDs.

TEM allows us assess the state of the dispersed material. Figure 4.3 shows typical
images of TMD flakes from CHP dispersions. In all cases multilayer nanosheets were
found with no clear evidence for individual monolayers. In this study roughly 250
dispersions have been produced. In the interest of increasing the throughput in such
a large study it was decied to opt for a large volume, low power density bath which
results in a lower degree of exfoliation as compared with smaller sonic baths with
optimised sonication conditions. The sub-optimal exfoliation regime used here will
also be a factor in the experimental scatter found in the results. Typical flake lengths

are a few hundred nm, consistent with previous work.[2]
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¢.4.1.3 Scanning Electron Microscopy (SEM)

Figure 4.4: SEM images of surface morphologies of vacuum filtered thin films of each of the

four TMDs investigated in this study.

Films can be quickly cast from the dispersions by filtering onto a porous membrane.

Such films may then be transferred to the desired substrate. SEM images of such films
ére shown in figure 4.4. As expected the films appear continuous when viewed at low
magnification. However, at increased magnification a network comprising a disordered

erray of 2D objects is seen.

4.4.1.4 Raman Spectroscopy

Films of each material have been characterised by Raman spectroscopy using a 532
nm laser to excite the samples. The spectra represent averages taken over 50 spectra
scanned across a line of 180 um. In each case a number of well defined peaks are
cbserved in the region of 150-450 cm™. Such peaks can be used to identify layered

compounds by comparing to values in the literature, and are marked with arrows in
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Figure 4.5: Raman spectra (Aex=532 nm) of films of each TMD. Arrows mark the positions of

the main lines for bulk crystals of each material.

figure 4.5. All the spectra obtained here agree well with values obtained elsewhere in
the literature.Tonndorf et al. [5], Lee et al. [39], Berkdemir et al. [40], Yamamoto et al.
[44] However slight shifts are to be expected, the peak position being a function of
layer number in MX, compounds, as the dispersions used to make these films contain
a large degree of polydispersity.[39] Size selection protocols can be used to narrow the

particle size distribution if required.Backes et al. [52]

4-4.2 Dispersion Stability

One of the best performing solvents for all materials, CHP, has been chosen to measure

the stability of these dispersions. As mentioned in section 4.3 these dispersions were

prepared using a small bath and sonic tip to ensure a sufficient degree of exfoliation.

Stability was measured using a home built sedimentation apparatus. This apparatus
measures the absorbance of a dispersion as a function of time using a succession of
laser pulses. For each dispersion the subsequent plots are shown in figure 4.6. Some

sedimentation exists in all cases, however after the first 100 hours, over 9o% of the
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Figure 4.6: Sedimentation data for each of the four layered compounds dispersed in CHP.

Dashed lines are fits to equation 4.14.

dispersed material is still stable. MoTe, appears considerably less stable then the other
three materials tested. This is likely a symptom of the higher surface energy measured

by IGC in section 4.4.4.

Theoretical analysis shows the concentration of a sedimenting phase can be fit by an
exponential as a function of time.[207] The data in figure 4.6 can be fit by the sum of a
constant, representing stably dispersed material and a number of exponential decays,

each representing a specific type of sedimenting object.

—t —t
A= Ap+ Arexp (T—1> + Azexp <T—2) (4.14)

where Aj represents the absorbance of the stable phase and A; & A; represernt the
initial absorbance of two sedimenting phases. For two of the samples there is only one
sedimenting phase. Assuming the different phases have similar absorption coefficients
Ao, A1 & Aj; represent the relative populations of each phase. The quantities 7y and 7
represent sedimentation time constants of each sedimenting phase. Fits to the data are
represented by the dashed line in figure 4.6. Fit constants are given in table 4.1.

In each case the first sedimenting phase had extremely small values of popula-
tion (<5%) with very short time constants (<32 hours). This suggests sedimentation
of relatively large objects or unexfoliated crystallites which were not removed on

centrifugation.[179] The second sedimenting phase had values for A; between 16-36%
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Ao A 4l (!l) ‘ A T,z,(h,)
MoS, 0.84 0 NA 0.16 161
WS, 0.81 0 NA 0.19 33
MoSe, 0.62 0.02 32 0.36 977

MoTe, 0.63 0.04 1 0.33 447

Table 4.1: Sedimentation fit parameters found from fitting the data in figure 4.6 using equation

4.14.

of the initially dispersed material with long time constants (>160 hours) implying
much smaller objects. These results are consistent with analysis of the sediment for
other liquid phase exfoliated layered materials,[55] which were also characterised
by a combination of large particles similar in size to the starting material and small
nanosheets similar to the stable exfoliated stock, consistent with two sedimenting
phases. A small but positive AH);, implies these dispersions are metastable at best,
although some metastable colloids can be stable for very long times.[3] Most impor-
tantly for applications, the stable dispersed phase (Aj) has values between 62-84%,

meaning the majority of exfoliated material is stable for long time frames.

4-4.3 Surface Energy

Once confirmed that the dispersed material consists of exfoliated few layer nanosheets,
we can consider the exfoliation mechanism and relate it to solution thermodynamics.
The exfoliated material is typically hundreds of nm in width. As such we can assume
the solvent-nanosheet interaction takes place primarily at the basal plane surface.
This is understood via the enthalpy of mixing in terms of the surface energy based
solubility parameters as in equation 4.13.[4] The maximum dispersed concentration
(The dispersed nanosheet volume fraction is proportional to the concentration via the
sheet density, C = p¢) is obtained when solvent and nanosheet surface energies are
well matched, minimizing A Hpjy. So the maximum dispersed volume fraction can be

expressed as[208]

¢ oxexp |~ om ottt (4:15)
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where 7 is the volume per mole of dispersed material and T the absolute temperature.

Modelling the nanosheet as a high aspect ratio cylinder or disk of diameter Dyg, and

subbing into equation 4.15 with equation 4.13 gives

¢ & exp 2kT \/_ Vv r)/NS (416)

This can be simplified using the expression (x — a)? = 4a (\/x—+/a ) when x ~ a or

when the fwhm is less than half the centre value of the Gaussian, as it is here. In terms
of dispersed concentration then, one expects a Gaussian shaped peak as a function of

solvent surface energy (via the surface tension).
2

—BE_ (g — yns)? (4-17)

C xexp skT

such plots are shown in figure 4.7. Appreciable amounts of material are only dispersed

for surface tensions ~40 mJ/m? which is very similar to the case for other van der

Waals bound solids CNTs, h-BN & graphene.[2, 3]
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figure 4.7: A/l (proportional to dispersed conc) for each TMD dispersed in a range of solvents
plotted as a function of solvent surface tension, bound by Gaussian envelope

functions.

For each material a Gaussian envelope function has been fitted using a trial and error

épproach, varying the peak position and width in steps of 0.25 until the corresponding

test fit (highest R?) is obtained on the log C versus x curve as in figure 4.9. In each case,
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a portion of solvents give dispersed concentrations significantly below the envelope.
From the relation of the FWHM to nanosheet diameter, a value of ~5 nm can be
calculated.

FWHM = 1.6 8’)/N§kT

18
Dns e (4.18)

Such an estimate is roughly 2 orders of magnitude smaller than the entities viewed

with electron microscopy. For the sizes of the flakes viewed a fwhm of < 1 mJ/m?
would seem more appropriate. The broadening noted here is not currently understood
though it does suggest this analysis does not fully describe the solvent-nanosheet
interactions present. In the case of nanotubes it has been suggested that entropic effects
associated with the ordering of solvent molecules at the material-solvent interface can
partly explain the discrepancy.[208] The entropy associated with the solvent molecules
at the nanomaterial surface would have quite a different (lower) configurational entropy

than those in the bulk of the solvent.

One further point to note is the lack of solvents with surface tension > 45 mJ/m?. As
such we cannot populate the right side of the graphs to a level which would reasonably
demonstrate the fall off of concentration at high surface tension. Specifically MoTe,
data has a large degree of scatter meaning it is not possible to confidently assign the
position or width of the Gaussian envelope function for this material. It may well be
the case that this dataset represents the low energy tail of a peak centred at higher

surface energy.

The apparent peaks at ~70 mJ/m? suggest the model used here at least serves as a
useful guide for choosing solvents for these TMDs. The fact that the peak positions
are at similar values for each material suggests the surface energy and strength of
interactions between the nanosheets varies only weakly with chalcogenide or transition
metal atom species. For dispersion interactions the interaction strength is proportional
to the square of the product of the polarizability and the atomic number density,
a2 (NV)?.[204] As a scales roughly with the atomic volume, this quantity is roughly
constant and so relatively independent of the material being dispersed. For compound

materials such as TMDs this is a gross oversimplification but constitutes an argument
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that chemically dissimilar materials such as graphene, BN & TMDs all have similar

surface energies and thus similar solvent choices for efficient exfoliation.

4-4.4 Inverse Gas Chromatography & Computational Modelling

In collaboration with this work (with Prof. Shane Bergin) inverse gas chromatography
(IGC) has been performed to experimentally measure the surface energy of MoS,,
MoSe, & MoTe,independently from solubility data. This technique is based on reten-
tion of organic vapours by a compacted powder of the solid. WS, was excluded from
this part of the study as liquid N, adsorption measurements indicated a significant

fraction of micro pores for this material, rendering IGC data analysis unreliable.

Whilst IGC is most suited to the dispersive component of the surface energy it can
also be used to infer a value for the contributing non-dispersive interactions via the free
energy of adsorption. Results from these experiments estimate total surface energy of

MoS, & MoSe, to be very similar, ~75 mJ/m?, whilst MoTe, is higher at ~120 mJ/m?.

The values for MoS, & MoSe, are close to that inferred from solubility data, sug-
gesting surface energy can be used as a valid solubility parameter to a first order
approximation. The value for MoTe, is significantly higher however. As alluded to
aiready, the peak in figure 4.7 may be an artefact of the fact that most common
organic solvents have surface tensions < 45 mJ/m?. In line with recent computer
modelling,[209] the surface energy of MoTe, may well be higher than that of MoS, &
MoSe,. Te has a larger polarizability volume (0.96 nm?3) compared with S (0.73 nm?3)
and Se (0.75 nm?3). Also, the interacting chalcogen sheets are packed more tightly in
the tellurides, resulting in an increased attractive force across the van der Waals gap.[1]
Finally, the Mo-Te bond is the longest of the three materials investigated here[23] and
has the smallest difference in electronegativity (0.06), compared with the Mo-S (0.42)
and Mo-Se (0.39) bonds.[210] One must also consider the possibility that a higher
density of defects and or impurities may be present in the MoTe, powder, which
would contribute high energy sites, increasing the measured surface energy. Indeed,

Te rich surfaces are well known to be susceptible to oxidation.[211] A higher surface
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energy would mean re-aggregation of nanosheets is more likely. This is reflected in the
sedimentation data in figure 4.6 where the MoTe,-CHP dispersion is confirmed to be

considerably less stable than the other three materials investigated.

The apparent values for the surface energies of these layered materials of 70 mJ/m?
is in conflict with values of 260 mJ/m? and 284 mJ/m? calculated computationally
for the MoS, basal plane some years ago.[212, 213] More recent computer simulations
using density functional theory (DFT) have been carried out in collaboration with this
work (with Prof. Stefano Sanvito). The value obtained for the surface energy of MoS,
~180 mJ/m? is still a factor of 2 higher than the value suggested by the solubility data
for surface energy. This may be in part due to these computations not taking into
account screening by the surrounding solvent medium as they are carried out in a

vacuum, rather than solvent medium.

4.4.5 Traditional Solubility Parameters

As we have seen, when concentration is plotted versus surface energy many samples
have concentrations lower than expected from the envelope function. This is due to the
surface energy being a crude solubility parameter. Hildebrand and Hansen solubility
parameters of organic solvents are widely known and so it may be more useful to
interpret the dispersed concentration in terms of traditional solubility parameters

based on the cohesive energy density.

As van der Waals solids don’t easily vaporize their solubility parameters must be
inferred. By dispersing a material in a range of solvents and measuring the absorbance
or concentration we can then use this as a weighting factor. This ensures successful
solvents only contribute in proportion to their ability to exfoliate. The weighted
average of the solvent solubility parameters then gives an approximate value for the

nanomaterial’s solubility parameters.

L Zsolw’nt C(Si,SOI
ZSolvent c

From similar arguments as for the case of surface energy, the dispersed nanosheet

{8} (4.19)
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Figure 4.8: A/l for MoS, dispersed in a range of solvents as a function of Hildebrand (A) and

Hansen (B-D) parameters. The fit is a Gaussian envelope function.

concentration should scale as a Gaussian with solvent Hildebrand parameter. For
MoS, this is shown to be the case in figure 4.8 with a clear peak close to 22 MPa'/?
bound by an envelope function. Again there are many points lying below this function.
As the cohesive energy density consists of contributions from polar and H-bonding
interactions as well as the dispersive component, Hansen parameters should also be
tested. A/l is plotted against Hansen parameters for MoS, in figure 4.8 B-D. In each
case peaks are manifest centred at 17.8, 9 and 7.5 MPa'/2 for ép, dp, and oy respectively
and the data are bound by Gaussian envelope functions. Similar results were obtained
for the other materials and are included in table 4.2. For all plots there are still data
points with concentrations below the envelope function. This is expected as equation
4.11 shows a given data point will only match the envelope function if the other two
solubility parameters of solvent and nanosheet match also.

Interestingly the peak widths are smaller for the dispersive parameter graphs com-
pared with the polar and H-bonding data. This bears a link with Hansen'’s inclusion of
the factors of 1/4 in equation 4.11, which predicts polar and H-bonding peaks should
be twice as wide as the dispersive peak. This is roughly what we see, justifying the

introduction of the empirical factor of 1/4.
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Orws (MP™)  fwhmy (MPa'?)  Opus (MP'?)  fwhmp (MPa') Oy s (MPa"?)  fwhmy (MPa'?) Oy (MP'?)  fwhm, (MPa'?)

Wws, 215 45 18 33 8 6.5 15 -]
Mos$, 2] 65 178 3 9 8 15 15
MoSe; 25 65 178 25 8.5 8 6.5 6
MoTe, 2 ] 178 35 8 6 6.5 45

Table 4.2: Centers (5) and widths (fhwm) for all Hildebrand and Hansen Parameter envelope

functions (Found manually and subject to considerable error).
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Figure 4.9: A/l for all four TMDs dispersed in a range of solvents plotted as a function
of Flory-Huggins parameter divided by solvent molar volume. Solubility theory

predicts linear bahaviour.

Now that we have values for dp, dp, and dy for the nanosheets we can calculate
vi for each nanosheet-solvent combination. If solubility theory is a viable model to
describe the interactions equation 4.11 predicts that 4 should decay exponentially with
§ . Whilst there is considerable scatter, this general trend is shown in figure 4.9. Whilst
solubility parameters based on surface energy and cohesive energy density describe
the dispersion of nanosheets in solvents to first order or at least qualitatively, they
do not fully describe the solvation mechanism. Nevertheless, the predictive power of
such a method facilitates the discovery of many new working solvents for liquid phase

exfoliation of low dimensional nanostructures.

4.5 CONCLUSIONS

A comprehensive study of the dispersability of MoS,, MoSe,, MoTe, & WS, in a range

of solvents has been carried out. Relatively high concentrations (table 4.3) are only
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obtained in solvents with surface energies close to 70 mJ/m? (surface tension close to
40 mJ/m?), agreeing with solubility theory which predicts nanomaterials to be well
dispersed in solvents with matching surface energy. We have also described the data in
terms of Hildebrand and Hansen’s traditional cohesive energy density based solubility
parameters. In all cases the dispersed concentration falls off exponentially with the
Flory-Huggins parameter, suggesting solubility theory can be used to understand the

interactions between the solvent medium and nanosheets.

The solubility parameters of each material investigated are very similar (table 4.2),
meaning the same set of solvents can be used to exfoliate each material. This is
important from the perspective of applications requiring mixing such as conductive
composites[53, 55] (with graphene or nanotubes) or bulk nano-heterojunction solar

cells.[157-159]

A significant degree of scatter in the experimental data means the solubility theory
used here is a good first order description and can give qualitative information on
the dispersion of layered compounds. However, computational and IGC experimental
data suggest specific solvent-solute interactions for nanostructures, that could aid or

discourage solubility, are not accounted for in the theory.

4.6 APPENDIX
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WS, MoS: MoSe; MoTe;
Solvent A/l | Solvent A/l | Solvent A/l | Solvent A/l
(m") (m") (m") (m")
1 CHP 669 | NMP 978 | NMP 250 | CHP 320
2 GBL 557 | CHP 927 | GBL 174 | NVP 272
3 Cyclo- 444 | DMEU 823 | N8P 146 | N8P 159
hexanone
4 DMEU 444 | GBL 701 | Benzonitrile | 144 | Cyclo- 140
hexanone
5 NVP 329 | N8P 685 | CHP 140 | GBL 137
6 DMSO 309 | Benzonitrile 661 | NVP 114 | IPA 121
7 NMP 221 | NVP 655 | DMEU 108 | DMA 76.8
8 Benzonitrile 159 | Cyclo- 561 | Cyclo- 105 | NMP 74.1
hexanone hexanone
9 DMF 133 | DMA 429 | Benzyl Ether | 86.1 | DMEU 62.6
10 | DMA 131 | DMF 256 | DMF 63.6 | Benzonitrile | 60.7
11 | N8P 70.1 | IPA 218 | DMSO 59.6 | DMF 479
12 | Benzyl Ether | 31.6 | Benzyl Ether | 149 | DMA 46.6 | H20 14.3
13 | Ethyl Acetate | 15.9 | DMSO 103 | IPA 32.6 | Ethyl Acetate | 11.1
14 | Chloro- 4.88 | Vinyl Acetate | 50.0 | Vinyl Acetate | 11.1 | Benzyl Ether | 7.38
naphthalene
15 | Vinyl Acetate | 3.54 | Ethyl Acetate | 43.6 | Ethyl Acetate DMSO 3.1
16 | H20 1.91 | Methanol 423 | H20 7.48 | Methanol 3.87
17 | Methanol 1.16 | Chloro- 2.44 | Chloro- 2.20 | Hexane 3.78
naphthalene naphthalene
18 | Toluene 0.72 | H20 2.11 | Methanol 1.08 | Chloro- 313
naphthalene
19 | Acctone 0.35 | Toluene 1.10 | Hexane 0.50 | Vinyl Acectate | 2.16
20 | Hexane 0.14 | Hexane 0.34 | Acctone 0.28 | Toluene 0.39
21 |IPA 0.01 | Acetone 0.17 | Toluene 0.24 | Acctone 0.30

Table 4.3: A/] values measured for all TMDs in 21 solvents
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Figure 4.10: A/l for all four TMDs dispersed in a range of 21 solvents as a function of Hilde-

brand (T) and Hansen (D, P & H) parameters. The fits are Gaussian envelope
functions.



PERCOLATION SCALING IN LIQUID PHASE EXFOLIATED
HYBRID FILMS

5.1 INTRODUCTION

Once the nanosheets have been exfoliated in a liquid, normal solution processing
techniques can be applied, making the formation of films straightforward.[2, 51] Such
processes are quick, easy and insensitive to environmental conditions. However, films
of these as-produced layered materials are unfortunately endowed with low electrical
conductivity due to the large number of interflake junctions. This could potentially
limit any intrinsically useful properties they possess. For example, transition metal
oxides such as layered MnO,[54] and MoO,[55] show much promise as supercapacitor
electrodes due to their high theoretical pseudo-capacitances and excellent cycle-life.
Exfoliated MoS, has shown promise as a candidate for the anode material in lithium
ion batteries due to its large reversible capacity, flexibility and stability.[124, 214-217]
Bi,Te; is known as an exceptional thermoelectric material at room temperature.[127]
In practise, the low conductivity associated with these materials thus far has severely

limited their development in these areas.

Fortunately, as layered compounds and carbon nanotubes(3, 218] may be exfoliated
in the same set of solvents it is possible to produce composite dispersions (and so
composite films) by simple mixing.[2, 51] This is a very straightforward yet pow-
erful technique because it will allow the fabrication of a wide range of composite
types through various combinations of components and compositions. Importantly,
if nano-conductors such as nanotubes[219] or graphene[220] are added to insulators
or semiconductors such as MoS,, the resulting composite conductivity is potentially

tuneable over a wide range. This has the potential to solve the conductivity problem
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by preparing composites of a range of layered materials loaded with graphene or

nanotubes.

When preparing such composites, it is critical to keep the nano-conductor content to
a minimum. Most importantly, conducting fillers take up space and reduce the amount
of active material present which can perturb the original properties of the matrix.
This poses a significant problem for battery or supercapacitor electrodes.[54, 221]
Secondly, some nanoconductors such as carbon nanotubes or metallic nanowires can
be expensive (~$1000/g), making composites with high loading levels economically
unattractive.

In this chapter, MoS, is used as a model compound to investigate how the conduc-
tivity of composites of layered materials embedded with both nanotubes and graphene
scales with nano-conductor content. It is shown that these systems follow percolation
theory and that conductivity as high as 40 S/m can be achieved for nanotube content

as low as 4 vol%.

5.2 PERCOLATION

£ i&

/ /f"ff

Figure 5.1: Network showing conducting backbone formed at ¢c (navy). Also shown are
isolated clusters which do not span the network and result in dead ends (red).

Adapted from [222]

Percolation theory is a mathematical model for connectivity and transport in complex
systems. Its usefulness lies in the fact that a number of properties can be obtained
from a couple of simple algebraic relationships when close to the critical threshold due

to the principle of universality. Site and bond percolation models treat the space as
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an infinitely sized grid with sites having occupation probability, p. Small occupation
probability results in many isolated sites with occasional pairs of neighbouring sites
both occupied, forming a cluster. Cluster size grows as p is increased, giving rise to a
correlation length (radius of the largest cluster).[223] As the occupancy increases, more
isolated clusters continue to grow and begin to coalesce. Once one cluster dominates
and forms a connected path spanning the grid from one side to the other, the critical
occupancy p. has been reached. This is illustrated for the case of (navy) rods in figure

5.1. Above this connectivity increases, tending to a maximum at p = 1.[223]

Above this critical threshold the occupancy can be described by a simple power
law; P(p) o (p — p¢)'. This scaling and its critical exponent, t, exhibit universality (the
threshold does not). Universality refers to being a function only of the dimensionality
of the space. Herein lies the simplifying power of percolation theory, the details of the
microstructure matter little as far as the connectivity is concerned. Therefore, there
is no need to use a grid. A continuum, housing randomly arranged independent
geometrical objects, where connectivity results from object overlap will suffice. Now
instead of occupancy probability we work with volume fraction, i.e. the probability
that a point chosen at random lies within one of conducting objects, to define the
connectivity. In reality the system has finite size. Important length scales pertaining to
this are the system size and correlation length. Once the system size is much larger than
cluster size or correlation length the clusters are not affected by the finite boundaries

and behave much like an infinite system.[224]

Our system consists of conductive fillers; 2D graphene flakes or 1D single wall

carbon nanotubes (SWNTs), embedded in an insulating matrix of porous MoS, flakes.

The flow of charge in a heterogeneous porous medium is predominantly controlled
by connectivity i.e. conductivity and flow barriers. The conductivity of the network
may then be described by electrical percolation, whereby at some critical volume
fraction of conductive filler, there exists a conductive path spanning the network. This
is characterised graphically as a sharp increase in conductivity over a small range of

volume fraction once the percolation threshold has been reached.
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5.3 SAMPLE PREPARATION

With both the conductive filler and insulating matrix being exfoliable in the same set
of solvents, composite or hybrid films can be prepared through simple mixing once
the dispersion concentrations are known. The sample preparation stages of composites
are very important as they directly affect the network formation. Processing influences
the materials” aspect ratios, which explicitly impact the percolation threshold. This
is because of the associated increase in surface area with aspect ratio whereby more
contacts can be made between conductive particles, increasing the connectivity. Thus
it is necessary to form films in a timely manner, to minimize any re-aggregation of
nanoconductor due to van der Waals forces at this crucial stage. Also, the degree of
dispersion polydispersity can decrease or increase the percolation threshold depending
on geometry and whether the dimensions making up the aspect ratio are coupled or

not.[225]

5.3.1 Dispersions

We purchased powdered MoS,, graphite and P3 single walled carbon nanotubes
(SWNTs) from Fluka Analytics, Sigma Aldrich and Carbon Solutions Inc. respectively
and used all as supplied.

5.3.1.1 MoS, and Graphene Dispersions

Typical MoS, and graphene dispersions were made as described previously.[2, 174]
In both cases 100 mg of powder was added to 10 ml of N-Methyl Pyrrolidone (NMP)
in a glass vial. These were sonicated in a Branson 1510E-MT sonic bath (20 kHz) for
three hours followed by probe sonication (Vibracell, GEX750, 35%x750 W) for a further
three hours. After standing overnight, the dispersions were centrifuged in a Hettich
Mikro 22R at 1500 RPM (226 g) for go minutes. The top 6ml of each dispersion were

then removed for further use.
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5.3.1.2 P3 Single Wall Carbon Nanotubes Dispersion

The SWNT dispersion was prepared by adding 20 mg of starting powder to 10 ml of
NMP in a glass vial. This sample was then bath sonicated for one hour, followed by
30 minutes probe sonication at 20% amplitude, followed by bath sonicated for one
more hour. This sample was centrifuged at 5500 RPM for go minutes and the top 6 ml

retained.

5.3.2 Hybrid Dispersion Mixing and Composite Film Formation

In each case the dispersed concentration was measured by filtration and weighing.
Because all dispersions were made in the same solvent it was possible to blend these
dispersions to make composite dispersions of any desired mass ratio. A series of
MoS,-graphene and MoS,-SWNT blended dispersions were made with MoS, content
spanning the entire range from 0% to 100%. These composite dispersions were diluted
in isopropanol (IPA) and filtered through nitrocellulose membranes (25 nm pore size,
Millipore) to give films of diameter 36 mm. The film thickness was close to 150 nm
in all cases as verified by atomic force microscopy. This thickness is large enough
to ensure the electrical conductivity is bulk-like and not controlled by thickness
effects.[222, 226] TiAu electrodes (5&45 nm thick, spacing 60-70 pm, channel width 1
cm) were lithographically deposited onto SiO, (MoS,-graphene) or glass (MoS,-SWNT)
substrates. Films were transferred onto electrodes by adhering the film to the substrate
with IPA and exposing it to acetone vapour followed by washing in acetone baths to
dissolve the remaining membrane.[185]

In order to convert mass fraction to volume fraction, bulk densities of graphene and
SWNT were used (2200 and 1800 kg/m?3 respectively). The density of an MoS, only
film was measured to be 1925 kg/m3 (as opposed to 5000 kg/m? in bulk, film porosity
~40%) by preparing a number of thick films by filtration and carefully measuring their

mass and dimensions. This value is considerably lower than that appropriate for an

MoS, crystal, due to the free volume found in disordered networks of nanostructures.

We consider the composites to consist of the nanocarbons embedded in a porous MoS,
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matrix (density 1925 kg/m?3). In this scenario, the matrix volume is the sum of free

volume and the MoS, volume.

5.4 RESULTS
5.4.1 Film Morphologies
The composite films were characterised using scanning electron microscopy (SEM,

Zeiss Ultra Plus). In general, the films appeared uniform when viewed over a large

area. Typical images for both types of composites are shown in figure 5.2. Graphene-

200 nm

Figure 5.2: SEM images of the surface of 150 nm thin films of (left) an MoS,-graphene (85:15
by weight) and (right) MoS,-SWNT (go:10 by weight).

MoS, composite films consist of a disordered array of flakes with graphene and MoS,
indistinguishable from each other. For the SWNT-MoS, films, the flakes of MoS, appear
embedded within a SWNT network.

5.4.2 Raman Spectroscopy and Elemental Mapping

Scanning Raman spectroscopy has been used to assess the uniformity of the composite
films. Graphene and nanotubes are strongly Raman active materials due to delocalised

pi bonds which are easily polarized. Moreover, the linear dispersion relation for these
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Figure 5.3: Raman spectra for MoS,-graphene (80:20 by weight) and MoS,-SWNT (95:5 by
weight) films. In each case the spectra are averages over 50 spectra taken along a

line scan of 180 um in length.

materials ensures the Raman process is resonant at all wavelengths in the case of
graphene.[34] Thus its signal is much enhanced compared to that of MoS, meaning
only spectra for low volume % graphene and SWNT composite films were used for

this purpose.

Characteristic Raman spectra are shown in figure 5.3 for both types of composite films
produced. Clearly present are the E*,; (~383 cm™) and A, (~409 cm™) modes of MoS,

[39] and the characteristic G band (1580 cm™) of carbon based materials.[2277, 228] The D

bands are hardly observable due to the quality of both SWNTs and exfoliated graphene.

Elemental Raman maps of local areas of the films were obtained by measuring the
ratio of the MoS, A,; peak intensity to that of the carbon G band. These are shown
in figure 5.4 for graphene and SWNT based films respectively. Both composite types
show relatively good uniformity down to length scales of a few um i.e. close to the

size scale expected for exfoliated nanosheets.[2, 4, 174, 181]

The hybrid film uniformity can be assessed quantitatively by assuming that the

Raman intensity for a mode associated with a given material is proportional to the
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Figure 5.4: Raman maps measured on a grid of 120 x 120 points over an area of 30 um x 30
um for MoS,-graphene (go:10 by weight) and MoS,-SWNT (go:10 by weight) films.

Represented by plotting the intensity ratio of the A;gMoS, to carbon G-band.

mass that material under the beam. Combining this with the definition of the mass

fraction of carbon (i.e. SWNT or graphene),

Mc
M= ————— 1
/'™ Mc + Myos2 e
it can be shown the ratio of MoS, to carbon Raman intensity is given by
Inos 1
MoS2 PR, | (52)

Ic My
assuming spatial uniformity. The ratio of MoS, to carbon Raman intensity, (averaged
over 15,000 measurements taken over a local area of ~0.5 x 0.5 mm) versus Mf‘1 —1is
plotted in figure 5.5 for both composite types. Very good linearity is found for the MoS,-
SWNT composite films showing them to be spatially well uniform. However, while
still linear, the data for the MoS,-graphene composite films was relatively scattered

suggesting them to be slightly less spatially uniform.

5.4.3 Current-Voltage Characteristics

The electrical properties of these composites have been measured using a Karl Suss
probe station and a Keithley 2400 source meter controlled by a LabView program.
I-V curves are plotted for a range of MoS,-graphene and MoS,-SWNT composites

from 0%-100% carbon content in figures 5.6 and 5.7 respectively. In both cases, the
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Figure 5.5: Plot of the ratio of intensity of MoS, to carbon peaks versus M¢_carpon*-1. This plot

is expected to be linear for a uniformly deposited film.
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Figure 5.6: I-V curves showing the evolution of the films electrical characteristics as the
conductive content is increased from 0%-100% graphene. Once the system has
percolated the conduction is dominated by the conductor and so linear I-V’s with

no hysteresis are obtained.

[-V’s become progressively linear and demonstrate reduced hysteresis between up and
down sweeps, up to the percolation threshold. Once the threshold has been reached

and the first conducting backbone spans the network, conduction is governed by the
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Figure 5.7: I-V curves similar to figure 5.6 but for SWNT-MoS, composites with the conductive
content again varied from 0%-100% SWNTs. The percolation threshold for this
system is much lower (~2.5%) due to the higher aspect ratio of the SWNTs compared

with graphene.

conductor rather than the MoS, network and perfectly linear I-V curves are obtained.
The hysteresis noted between the down and up sweeps of the I-V’s when below the
percolation threshold is most likely due to trap filling effects.[229] Traps that are filled
on the up sweep take time to be freed and remain full on the downward sweep,

allowing increased current at an equivalent voltage.

5.4.4 DC Conductivity and Electrical Percolation

The DC conductivity was measured for all films from the I-V curves and plotted as a
function of volume fraction of the conductive carbon component, ¢, in figure 5.8. For
each composite type, the conductivity increased from 6x107 S/m for the MoS, only
film to 103 S/m and 670 S/m for the graphene-only and SWNT-only films respectively.

For each composite type, the conductivity increased dramatically over a narrow range
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Figure 5.8: Graph of conductivity versus carbon volume fraction for the composites studied.

of volume fraction; ~1-3 vol% and 15-30 vol% for MoS,-SWNT and MoS,-graphene

composites respectively.

Composite e t s oc(Sm ) OMos, (S m h
MoS, SWNT 2.6% 1.2 7.6 4530 8.8 x 1077
MoS, graphene  22.2% 2.1 53 129 6.0 x 1077

Table 5.1: Percolation fit parameters: ¢, is the critical volume fraction or percolation threshold,
t is the universal exponenet above the threshold whereas s is the exponent below
the threshold, ¢c and .5, denote the conductivities of the oure conductive and

insulating phases respectively.

5.4.4.1 Above Percolation Threshold (¢ > ¢.)

Such a steep increase in conductivity over a narrow range of volume fraction is
behaviour consistent with percolation effects. When an electrically conducting filler is
added to an insulating matrix, significant increases in conductivity can only occur once

the first conducting path through the sample is formed. The volume fraction of filler
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Figure 5.9: Conductivity plotted as a function of (¢-¢) for both types of composite films above

percolation. These datasets have been fit to equation 5.3.[53]

where this occurs is known as the percolation threshold, ¢.. Above the percolation
threshold the conductivity scales as[223, 230]
¢—@y
1 — e

where o¢ is nominally the conductivity of a film of the conducting filler alone and t is

Opc = O¢c ( (53)

the percolation exponent. Percolation theory has been applied to mixtures of graphite in
a hexagonal boron nitride matrix.[230, 231] However, these composites were prepared
by pressing mixtures of unexfoliated graphite and boron nitride powders into discs.
The work described in this chapter represents the first example of percolation studies

of an exfoliated nanosheet filler in a matrix of exfoliated nanosheets.

The data has been analysed for both composite types in terms of equation 5.3 as
shown in figure 5.9. While the data for the MoS,-graphene composites follows equation
5.3 extremely well over the entire range, the MoS,-SWNT composites only follow the
percolation scaling law for volume fractions close to the percolation threshold. From
the fits, we find the percolation thresholds to be ¢. = 2.6 vol% and ¢, = 22.2 vol%
for the MoS,-SWNT and MoS,-graphene composites respectively (all fit constants are
given in table 5.1).

For both 1- and 2-dimensional fillers in three dimensional composites, the perco-

lation threshold is generally thought to be close to the ratio of smallest to largest
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dimension.[232] Thus, the value of ¢. found for the MoS,-SWNT system is typical of
what is generally found[233] and is consistent with nanotube bundle diameters of ~10

nm coupled with lengths of ~um.

5.4.4.2 The Percolation Threshold ¢,

The value of ¢. observed for the MoS,-graphene system is much larger than values pre-
viously reported for 3-dimensional composites with graphene as a filler (~1 vol%).[234]
In addition, it is much smaller than the fixed percolation threshold of ~67% expected
for 2-dimensional composites with mutually penetrable planar fillers.[235] However,
the result here is consistent with recent theoretical predictions that, for composites
of randomly oriented, monodisperse conducting discs in an insulating matrix, the
percolation threshold is actually independent of disk diameter.[225] This work suggests
¢, to scale only with disk thickness, a, as ¢. = TL%?)’ where ) is the hopping distance.
This equation should apply in the limit where A and a are both very much smaller than
the width of the disks, as is the case here. Taking a = 1 nm and ¢, = 22.2 vol%, gives
a value of A~0.4 nm, which seems reasonable. Applying the same theory to perfectly

parallel disks (in the limit of very large aspect), which arguably is more realistic for

our type of system, gives a similar result: ¢ = a/8A, in which case A~0.6 nm.

Hard extended objects have an excluded volume, which cannot be penetrated by the
centre of mass of a similar object without contacting each other.[236] Excluded volume
models assume an infinite aspect ratio for filler particles.[225] The percolation threshold
is now instead a function of this excluded volume, rather than the aspect ratio. Thus it
is expected to increase. Using a core-shell approximation, particles may only overlap
within a penetrable shell volume, defined by ). Despite assuming monodispersity,
volume exclusion models match experimental values for the percolation threshold well

when large aspect ratio filler particles are used.[237]

In addition, the percolation exponents were observed to be t = 1.2 and t = 2.1 for the
MoS,-SWNT and MoS,-graphene composite networks respectively. The former value is
close to the universal exponent of t = 1.33[223] expected for 2-dimensional composite

networks and consistent with a number of nanotube containing composites.[233]
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However, the graphene exponent is considerably higher and close to the universal
exponent of t = 2.0,[223] expected for 3-dimensional composite networks. Values of
t > 2 have been observed previously in graphene-polystyrene composites.[234, 238]
Here they are accounted for by a distribution in the junction resistances, whereby the
problem is no longer a pure site one but also partially a bond one.[230] In this case the
exponent consists of the universal exponent and a non-universal part which depends
specifically on the details of the system. However, the matrix here is not a polymer,
which would coat the graphene flakes and strongly affect the tunnel barriers between
them. The SWNT data deviates from the percolation scaling law for ¢ > 0.1. Above
this volume fraction the data fits an empirical scaling law of the type o o ¢ where
m = 0.6. Indeed it is known that the scaling relation (equation 5.3) often does not hold

far away from ¢..[225]

5.4.4.3 Below Percolation Threshold (¢ < ¢.)
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Figure 5.10: Conductivity plotted as a function of (¢.-¢) for both types of composite films

below percolation. These datasets have been fit to equation 5.4.[53]

The DC conductivity below the percolation threshold is also described by a scaling

law:[223, 239]

Opc = OMos2 ((Pc(p_ ¢) B (5-4)

where 0,5, is the conductivity of the matrix and s is a second percolation exponent.

This equation has been fit to the data for both composites as shown in figure 5.10
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obtaining values of s = 7.6 and s = 5.3 for the MoS,-SWNT and MoS,-graphene
composites respectively. These are extremely high values. While there is little experi-
mental data available, previous reports have clustered close to the predicted value of

s = 1.[230, 240-242] It is unclear why the values found here are so high.

It is worth noting that although the degree of exfoliation currently achievable by
the methods used here is very good, it is not perfect. Both MoS, and graphene are
expected to be present as thin multilayer flakes rather than monolayers while the
nanotubes are present as bundles rather than individual SWNTs. Future work will
no doubt lead to improvements in the exfoliation state of all components. For the
graphene and SWNTs (i.e. the conducting filler), improvements in degree of exfoliation
should result in reduction in percolation threshold and so significant increases in
conductivity at lower filler content. However, it is less clear as to the effect of MoS,
(i.e. the matrix) exfoliation state on the film properties. It has been suggested that
the exponent s seems sensitive to details of the network microstructure even more so
than the percolation threshold. This has been studied for the pressed disks of graphite
and boron nitride. Powders poured by different methods resulted in similar values
for the percolation threshold. However, a large spread in s values was found. Whilst
s is sensitive, t remains universal and does not depend on microstructure, only on
dimension.[230] In addition we must consider that our insulating matrix material,
MoS,, is not fully insulating and some conduction can occur via hopping below the

percolation threshold.

5.5 DISCUSSION

Conductivity percolation has been widely studied experimentally for nanotube-polymer
composites.[233] Theoretically such systems have also been studied though usually
with the limitation of modelling the flexible nanotubes as rigid rods. This means there
is a lot of data which one can compare to. Due to it being relatively new, much less
experimental[234] and theoretical[238] published work exists for graphene. Given that

there is a large body of literature on the conductivity percolation problem it may prove
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helpful in gaining a deeper understanding of certain issues in our novel, exfoliated

composite system.

5.5.0.4 Decreased conductivity of NTs far away from ¢,

The SWNT-MoS,data deviates from equation 5.3 for volume fractions far above ¢, as
in figure 5.8. Though the scaling relation is only strictly expected to hold close to the
threshold, it holds over the whole range for the graphene-MoS,composites. A number

of factors could be at play and deserve further consideration.

1. The conductivity of nanotube networks is known to be a strong function of the
tube dimensions, increasing with average tube length as L,,46.[243] Sonication
has been used here so the SWNTs in the dispersion used may be skewed toward

shorter lengths due to scission.[176]

2. The SWNTs used in this work (P3) are functionalised to aid their dispersion in
common solvents. Whilst this may assist in lowering the percolation threshold,
functionalisation of NTs can disrupt the pi-conjugation, leading to reduced

conductivity.[244]

3. Though a function of bundle diameter (SWNTs) or flake thickness (graphene),
inter-conductor junctions in SWNT networks are usually at least an order of
magnitude more resistive than in graphene networks. Acid treatment could be

used to decrease the junction resistances.[245, 246]

4. It is well known that only ~1/3 of SWNTs in any given batch are metallic.
Semiconducting SWNTs will increase the percolation threshold in proportion to
their abundance, as non-conducting species may act as dead ends in the network.
The effect is not as pronounced as one may expect as semiconducting tubes in

dead ends do not contribute.[225]

5. The alignment of SWNTs has a strong effect on ¢.. However it also impacts the
network conductivity.[232] Partial alignment should help whereas lower than
expected conductivities are expected for highly aligned networks due to the

reduced number of tube-tube contacts.[244]
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5.5.0.5 High percolation threshold for graphene composites

Whilst the core-shell excluded volume model used may justify the high percolation
threshold observed for the graphene-MoS, composites, a number of other potential

reasons may also exist.

1. As assessed by Raman spectroscopy in figure 5.5, the graphene-MoS, composites
are much less uniform. This points toward some re-aggregation of graphene
flakes either in the dispersion on blending and/or on film formation. Whilst they
can be dispersed in the same set of solvents, the surface energy of graphene may
be slightly different to that for MoS,,[213] meaning they will prefer to bind to
each other. Re-aggregation on film formation will also decrease the number of
graphene-graphene contacts resulting in a lower than expected conductivity,[247]

which we also observe.

2. Partial alignment of graphene sheets could increase the percolation threshold.

However with exfoliated sheets typically ~1 um wide and only a couple of nm
thick they are expected them to align themselves parallel with the substrate as
observed previously.[248] This is because in the limit of very large aspect, the

angular freedom of the disks is much reduced due to the excluded volume.[225]

3. In the core-shell model, the percolation threshold of rod-like particles is found to
depend only on the higher order moments of the size distribution, with a similar
result for spherical particles. This likely means it also holds for disk shaped
particles.[225, 249] Sonication induced scission of low dimensional nanostructures
has been well established to occur.[55, 174-176] The scission energy scales with
the number of bonds that must be broken, i.e. the cross-sectional area. This effect
is undesirable as it not only positively skews the length distribution towards
shorter lengths but is also responsible for a degree of coupling between normally
independent dimensions (length and thickness for flakes, length and diameter
for tubes). This introduces a conflict of interests when trying to minimise the
percolation threshold and leads to it actually increasing for a polydisperse

mixture. This is because for a given energy input, long tubes are easier to break
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than wide ones[225] and large crystallites result in fewer, thicker nanosheets
compared with small crystallites which give more, thinner nanosheets.[55] It is
not the polydispersity itself which leads to the increase in ¢, only if there is this

dimensional coupling. As one can see looking at figure 5.11, if one had long,

i

- T,

Figure 5.11: Effects of local heterogeneity on percolation in random microstructures. Per-
colating cluster of rods (left), longer rods would contribute disproportionately,
lowering ¢.. Percolating system of polydisperse spheres, presence of small spheres
bridge free volume between two larger spheres, increasing packing density and so

lowering ¢.[250]

thin tubes, the effect of polydispersity would then decrease ¢. as longer rods
contribute more to a growing network than short ones. Similarly for spheres,

small spheres can bridge gaps of free volume between larger spheres.[250]

5.5.0.6 Variance in ¢. for SWNT-polymer composites in the literature

The large body of work that exists for SWNT-polymer composites allows comparison of
universal exponents as well as non-universal percolation thresholds. On contemplation,
the large spread in values observed for ¢, is almost obvious.

In reality the system always has a finite size. Once the system size is much larger
than the cluster size or correlation length then clusters don’t notice the finite system
boundaries, and behave much like an infinite system. The correlation length in the
SWNT-based composites is likely larger than that for the graphene-based composites.
This will lead to a degree of scatter in the conductivity datasets as one is only able to
sample from distribution of possible configurations. This can be visualised with the

aid of the illustration in figure 5.12.
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Easas

p=0.2 p=0.8

Figure 5.12: Percolation only exists once the first conducting pathway through the medium is
formed and is based on probability. This may describe the large degree of scatter
seen in the case of the percolation curve for SWNT-MoS, composites in figure
5.13. Different configurations of connectivity may exist at a given loading level
due to the finite system size. An extreme case of this is shown here, where a) has
percolated whereas b) has not even though it has a much higher loading. Adapted

from [224]
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Figure 5.13: Percolation graph showing scatter found around threshold in SWNT-MoS,system.
The dates in the legend refer to the dates the composites were electrically tested.
All films are from the same dispersion and film set but sampled from different
regions across the vacuum filtered master-film on porous membrane. Such a
degree of scatter is put down to the larger correlation length of nanotubes versus
graphene sheets, meaning they feel the finite size of the system more and only a
distribution of connectivity is being sampled each time a film is made. Electrical
measurements were carried out using a Karl Suss probe station and a Keithley

2400 source meter controlled by a LabView program.
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As is shown in figure 5.13 for the SWNT based composites, a large degree of scatter
was found in the data close to the percolation threshold. At exactly the same occupancy,
slightly differently connected clusters may manifest as in the illustration in figure
5.12. This is why simulations use many more runs for calculating the conductivity
close to the critical volume fraction, to offset the higher sample-sample variation in
conductivity in this region.[238] If the system size increased towards infinity, such

scatter would reduce, regressing to a smooth plot for an infinite system.[224]

So the combined effects of size and connectivity variations between differently
processed nanotube composites explains in part the large variance in percolation

thresholds seen, even for systems with similar mean aspect ratio.

5.6 CONCLUSIONS

Thin film composites of both SWNTs and exfoliated graphene nanosheets (the con-
ducting nanofiller) in a matrix of exfoliated MoS, nanosheets have been prepared. A
combination of scanning electron microscopy and Raman spectroscopy showed the
mixtures to be uniform to a length-scale of ~microns. Electrical measurements showed
an increase in conductivity of up to ~9 orders of magnitude on addition of nano-
conductors. In both cases, the conductivity obeyed percolation scaling laws both above
and below the percolation threshold. The percolation thresholds were ¢. = 2.6 vol%

and ¢ = 22.2 vol% for the MoS,-SWNT and MoS,-graphene composites respectively.

For the SWNT filled composites, this low percolation threshold means that con-
ductivities as high as ~40 S/m for volume fractions as low as ~4 vol% are realisable.
Similar results are expected to be found for other exfoliated layered compounds filled
with nanoconductors. Such materials will be important in a range of applications from

thermoelectric devices to electrodes in batteries and supercapacitors.

This work represents the first detailed study of such 2D-2D and 1D-2D compos-
ites. Further work is required to understand the role of the matrix nanostructure in
determining the performance of such composites. From a thermoelectric standpoint

it would be interesting to investigate how the thermal conductivity scales with filler
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volume fraction in these systems as well as systems using Bi,Te; nanosheets as the

matrix.
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PHOTOCONDUCTIVITY OF SOLUTION PROCESSED
SEMICONDUCTING FILMS

6.1 INTRODUCTION

Photoconductivity may serve as a probe to study fundamental loss mechanisms associ-
ated with trapping and recombination present within a material. An understanding
of these processes and their origin is useful in improving solar cell efficiencies. Re-
combination processes can be studied by measuring the photocurrent as a function
of both time and light intensity. When the sample is not pure and highly crystalline
localised states stemming from defects and disorder can trap free carriers. These behave
as recombination centres for minority carriers, decreasing their lifetime.[251] Such
non-radiative recombination retards both open circuit voltage and short circuit current,

substantially decreasing the deliverable power output of the cell.

6.1.1  Photoconductivity

Light incident on a semiconducting material with energy sufficient to promote carriers
into the conduction band (CB) will result in photon absorption. In the absence of
reflection losses, the process of optical absorption can be described through the

wavelength dependent absorption co-efficient, a, using Beer’s Law
I = Ihexp (—ax) (6.1)

Iy is the incident light intensity on a sample of thickness x. Absorption is intrinsic (i.e.
band to band) in the case of a pure crystalline material and can be either direct or
indirect depending on the nature of the bandgap. This will result in excitation of an

electron into the CB, leaving a hole in the valence band (VB) and so an electron-hole
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pair is formed. Direct gap materials absorb a large portion of light at the surface
whereas light penetrates much deeper into indirect gap materials. When there is a
degree of disorder/defects present extrinsic absorption into and out of the ensuing

localised states can also occur depending on the optical cross-section.[252]

Under the influence of an applied field the excited charge carriers take part in
transport and boost the conductivity. This light induced change in conductivity is

known as photoconductivity.[252, 253]

0o =4 (nO}an e pOV}"O) = ODark (6.2)
Ao = q (Anpn + Appp) = opc 6.3)
OLight = ODark + OpC (6.4)

Usually it is dominated by one type of carrier, simplifying the analysis. In polycrys-
talline media, photo-excitation can also change the carrier mobility,[253] in which
case

OLight = (10 + An) q (4o + Op) (6.5)

and

opc = quolAn + (ng + An)gAu (6.6)

The continuity equation for electrons {and similarly for holes) reads

3—7: =G~ ;["ﬁi (Ni —n;)] + ; {"iNC.Bi exp [— (Eck_T Ei)] } + v;]]n (67}

where G equals the generation rate (units of m3s™), the second term on the right rep-
resents trapping of free electrons due to localised states and the third term represents
de-trapping. N; is the total density of the i*" localised state, 1; is the density of the
electron occupied it localised state, f; is the capture co-efficient of the i localised
state for free electrons and (Ec — E;) is the ionisation energy of the i*" localised state.

Additionally the current density for electrons is defined as

Jn = nqunE +qDyVn (6.8)
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where the first term on the right is due to drift, E is the electric field and the second
term due is to diffusion with D,, the diffusion co-efficient. Finally Poisson’s Equation

is used to determine the net space charge in the material

Q

€,€0

V-E=

(6.9)

Combining equations 6.8 and 6.9 and subbing into equation 6.7 can be simplified by

the following three assumptions:
1. Assume charge neutrality, Q = 0
2. Neglect diffusion in bulk, Vn = Vp

3. Replace the trapping and de-trapping terms with =" where 7, is an appropriately

defined lifetime.

At steady state (%”,1 = 0 and generation rate = recombination rate) equation 6.7 then
reads

An =G, (6.10)

where the change in carrier density is equal to the product of the generation rate
and the free carrier lifetime (only includes time spent in CB, not time spent in traps).
Additional complexity arises when T, is a function of G, which may give rise to slope
greater or less than unity on a logarithmic plot of opc against G.

Steady state photoconductivity as a function of light intensity can be used to obtain

information about the recombination mechanism of the excess carriers as
Opc = KE7 (6.11)

where K and v (the exponent) are material constants. Large values of both constants
lead to large photocurrents. In crystalline systems there is a low density of traps
at discrete energies and 7y normally equals either 1 or o.5 for the cases of mono
and bimolecular recombination respectively. However in more disordered systems,
intermediate values of ¢ are most often found.[254] These are accounted for in a
model including a distribution of localised states which decays exponentially as one

moves away from the band-edge. On illumination the electron quasi-Fermi level and
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electron demarcation level (seen next section, 6.1.2) split and separate further with

the quasi-Fermi level moving closer towards the CB as the light intesnity increases.

The occupation of trapping centres is now increased, converting such states into
recombination centres. This results in a decrease in lifetime as the light intensity

increases whihc is responsible for <y values <1.[255]

6.1.2 Localised States - Trapping, De-trapping and Recombination

As mentioned, in the simplest case of a pure crystalline semiconductor absorption
excites band to band transitions. Such a system constitutes a trap free material and
all excited carriers will contribute to the photoconductivity. However, in the presence
of defects, impurities and/or disorder localised states manifest within the forbidden
energy gap as explained in section 2.5.3. Extrinsic absorption to and from these
localised states may also then take place. All these processes are illustrated in figure

6.1.
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Figure 6.1: Processes involving localised states within the bandgap of a semiconductor on
absoprtion of light. (a) intrinsic band-band absorption, (b) & (c) extrinsic absorption
out of & into traps, (d) deep trapping, (e) recombination and (f) shallow trapping/
de-trapping.Bube [252]
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Localised states complicate the photoconductivity, as depending on their energy

with respect to the (steady-state) Fermi energy these states may act as charge traps

or recombination centres.[253, 255] Traps act as potential wells for mobile carriers.

Once trapped, they are removed from conduction until re-released to the band. This
gives rise to a reduced effective mobility. In the event that an oppositely charged
carrier is also captured at the same site both electron and hole will recombine. The
distinction between trap and recombination centre is ambiguous as it depends on the
ambient temperature as well as the light intensity being used. The term demarcation
energy is used to conceptually distinguish between the two; a carrier captured at the
demarcation level is equally likely to be re-emitted to its respective band as it is to
recombine with an oppositely charged carrier. So any level lying between the steady
state Fermi level and the demarcation level will act as a recombination centre. Localised
levels lying above the steady state Fermi level behave as traps.[255]

When traps are present the excitation pours electrons into the trap states until they
are filled. This induces a delay in reaching the steady state photoconductivity and

increases the response time as
n
T — (1 = ;t) Tn (6.12)

where 1n; is the number of trapped carriers, 1y is the measured response time and T,
again is the lifetime of the free carriers. Similarly on decay trapped carriers take time
to be thermally emptied back into their bands before recombining. In the case where
the density of trap states is much larger than the density of free carriers (1; > n) the
observed rate of decay will be dominated by the rate of trap emptying rather than by
recombination. Deep lying traps are filled first and the rate of emission from a trap is

inversely proportional to its energy depth within the gap as[256, 257]

! exp (_k—éfE) (6.13)
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6.1.3 Photoconductivity of MoS,

Being an indirect gap semiconductor, with an bandgap of 1.3 eV,[24, 32] the photocon-
ductivity of bulk MoS, has been investigated at least since the 1960s in the form of
single crystal samples.[258, 259] This indirect gap originates at the top of the valence
band maximum (VB) at I' and extends to the conduction band minimum (CB), situated
halfway between the high-symmetry I' and K points, at A in the Brillouin zone. In
addition to this fundamental gap, MoS; is also known for its optical gap at the K-point.
This is responsible for the spin-orbit split A & B exciton peaks in the MoS, absorption

spectra (figure 6.2 b).

Photon energy (eV)
(a) 2.0 15

T T T T

500 600 700 800 900
Wavelength (nm)

Figure 6.2: (a) Absorption spectra of MoS,crystals of different thickness. Broad absorption
tail 1" corresponding to indirect transition for 40 nm thick sample which becomes
progressively weaker as the crystal is thinned. (b) Bulk MoS, band structure. Direct
transitions of A and B excitons, corresponding to spin-orbit split VB occur at K-

point. Indirect transition I originates at I and terminates halfway between I" and K.

(6]

6.1.3.1 Monolayer MoS,

Monolayers of MoS, have generated much interest due to their exceptional electronic

and optical properties. They have been demonstrated as active components in opto-
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electronic devices such as phototransistors,[260-262] and LEDs,[263] and show much
promise for use as an absorbing layer in solar cells.[87, 142]

As a transistor, monolayer MoS, shows promising photoconductive properties.[262]
Due to the magnitude of its bandgap, high responsivity (880 A/W) can be obtained
with low noise equivalent power (dark off-current ~2 pA). A direct bandgap allows for
efficient carrier extraction whilst the atomically thin channel ensures a high degree of

electrostatic control.

As the layer number is reduced there is a progressive quantum confinement induced
up-shift in the indirect gap from the bulk value. In the limit of the monolayer thickness
it becomes favourable for the bandgap of this material to transform into a 1.9 eV
direct gap semiconductor.[22, 27, 31] This results in an increase in photoluminescence
(PL) efficiency as large as 10* in monolayer samples,[31] whereas in bulk it is a weak
phonon-assisted process with negligible quantum efficiency. The direct gap on the
other hand shows minimal interlayer coupling effects as the bandstructure at the
K-point is mostly composed of metal d,- orbitals. Such electronic transitions do not
require the absorption or emission of a phonon to occur, meaning they absorb light far
more efficiently, justifying its reputation as a promising candidate for optoelectronic

applications

6.1.3.2 Bulk MoS,

Despite its shortcomings, bulk MoS, has a number of potential advantages over
its monolayer form. Its lower bandgap extends its spectral response from UV to
IR as shown in figure 6.2 by the indirect absorption tail.[6] Coupled with its high
thermal stability, this has highlighted another niche area for bulk MoS, as a broadband
detector in high-temperature environments.[88] Usually photodetectors used in high
temperature environments require wide bandgap semiconductors/insulators such as
diamond, and so are only capable of deep UV detection. Also, higher drive currents are
possible in the ballistic limit for bulk MoS, due to the lower bandgap and a threefold
increase in the density of states at the conduction band minimum.[73] Lower surface
area leads to fewer surface states and less sensitivity to atmosphere & oxidation.[265]

Finally, in its bulk form the CB-edge shifts down in energy whilst the VB-edge shifts
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Author Device Process Y Light Metal | R = AI/Pi, T
(AI=KPY)
Yin[261] ML Mech. 1 Wlamp | TiAu | 7.5 mA/W | 50 ms
transistor Exfol.
Lopez- ML Mech. | Sublinear | 561 nm Au | 80mA/W | 55
Sanchez[262]| transistor Exfol.
Tsai[88] FL MSM | Thermoly- 0.71 532 nm Au | 0.57 mA/W | 100 ys
photode-
tector sis
Zhang[260] ML CVD it 532nm | TiAu | 780 A/W 3s
transistor
Choi[6] FL Mech. 1 W lamp | TiAu | 100mA/W n/a
transistor Exfol.
*Esmaeli- FL MSM Mech. n/a 532 nm Au n/a n/a
Rad[148] photode- Exfol.
tector

Table 6.1: Comparison of photoconductivites of different MoS, based systems. ML stands

for monolayer, whereas FL stands for few-layer. *Esmaeli-Rad device is based on

a:Si-MoS, hybrid hetero-junction MSM.[148] For comparison, photoresponsivities

for graphene are ~o0.5 mA/W,[264] whereas those for a conventional Si pn junction

diode are ~300 A/W.

up,[63] meaning localised states within the bandgap of bulk MoS, should be shallower,

with subsequently shorter charge-carrier retention times.[? ] This also renders ohmic

contacts easier to make to bulk than monolayer MoS,.[102]

6.1.3.3 Between Bulk and Monolayer

As the bandgap is modulated by layer number between the bulk and monolayer limits

this can be exploited to minimise thermalisation losses on absorption of energetic

photons.[266] Despite some loss of low-dimensional properties (few layer MoS, shows



6.2 SAMPLE PREPARATION AND CHARACTERISATION

an appreciable PL efficiency, not negligible as in bulk but nowhere near as bright
as for monolayer)[31], three layer MoS, photo-transistors (Eg= 1.35 e€V) show good
photo-detection capability for red and green light, whereas bi-layer (1.65 eV) and
monolayer (1.82 eV) transistors are optimised for absorption at the green-UV end of

the spectrum.

All the work outlined above has been performed on samples prepared by CVD
growth or mechanical exfoliation. As is shown in this chapter, another way to exfoliate
2D materials is in the liquid phase. This method constitutes a quick and easy, cost-
effective way of producing these materials in large quantities as dispersions. These
dispersions can be easily formed into films or composites and have been used suc-
cessfully in electrochemical applications.[16] However, relatively few optoelectronic
device applications have been developed for the materials processed in this way thus
far. In this chapter, liquid exfoliation techniques are used to give partially exfoliated,
but solution processable dispersions. These can be formed into thin films which show

promising photoconductive properties.

6.2 SAMPLE PREPARATION AND CHARACTERISATION

6.2.1 Dispersion

6.2.1.1 Sonication

The MoS, starting powder was purchased from Sigma Aldrich (<2 ym particle size)
and used as supplied. Nano-platelets of MoS, were exfoliated and suspended in liquid
using well-established solvent exfoliation techniques.[2, 4, 10, 181] MoS, powder (10 g)
was added to HPLC-grade isopropanol (IPA, 100 ml) in a glass beaker.

The sample was sonicated with a stand-mounted ultrasonic tip (Heilsher model
UP200S, 200 W, 24 kHz) for 24 hours at 60% amplitude in pulsed mode with 2 s on and 1
s off. This results in formation of a dispersion of MoS, nano-platelets with a wide range
of sizes and thicknesses. When exfoliating layered materials in liquids, a centrifugation

step is normally employed post sonication to remove the larger nano-platelets and
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any partially exfoliated crystallites.[2, 4, 181] However, we found that films prepared
from centrifuged MoS, dispersions always displayed pinholes extending from top to
bottom as evidenced by electrical shorting when electrodes were applied in a sandwich

structure.

6.2.1.2 No Centrifugation

Here, centrifugation is avoided as it was found films of un-centrifuged MoS, to be
generally pinhole free. Shorting can occur in films consisting of discrete nano-scale
entities, even when films are relatively uniform and free of well-defined pinholes,
due to diffusion of metal through the porous internal structure of the film. That
shorting occurs for centrifuged films but not non-centrifuged samples implies the film
microstructure depends strongly on the sample processing. Further work is needed
to fully understand such effects. Having not been centrifuged, the dispersions here
expected to contain larger MoS, nano-platelets and small crystallites as well as thin
nanosheets due to not being centrifuged. However, most importantly, they are still

solution processable.

6.2.2 Flake Size Characterisation: TEM and AFM

g 0 40 80 120
g Thickness (nm)
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Figure 6.3: Thickness and length distributions of MoS, nano-platelets as measured by AFM
(on SiO,) and TEM respectively.
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6.2.2.1 TEM

&
ol

Figure 6.4: TEM of solution processed MoS, nano-platelets.

To investigate the nature of the dispersed MoS,, TEM characterisation was performed
(figure 6.4). Typical images show the presence of micron sized nano-platelets which
are largely electron opaque, suggesting the nano-platelets to be relatively thick. The
lateral nano-platelet dimensions were measured and showed typical nano-platelets to

be approximately 1 um in length (figure 6.3).

6.2.2.2 AFM

Figure 6.5: AFM image of an MoS, nano-platelet deposited on SiO, substrate.

To measure the nano-platelet thickness, a few drops of dispersion were deposited
onto Si/SiO, (200 nm oxide thickness) substrates. These were allowed dry in ambient
air before imaging with AFM (figure 6.5). Measurement of the thickness of many

nano-platelets allowed statistical analysis (figure 6.3) showing a broad distribution,
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peaked around 50 nm. This is consistent with the presence of both well and poorly

exfoliated nano-platelets as expected.

6.2.3 Film Formation and Morphology

These dispersions were used to form thin films for electrical testing. In order to avoid
the formation of pinholes, a number of film formation methods were attempted before
settling on a technique based in principle on the Langmuir-Blodgett method. A 250 ml
conical flask was filled to the brim with Millipore Water and, using a micro-pipette;
a few drops of the MoS, dispersion were slowly dropped onto the rim of the flask
and allowed to flow down into the water. This technique employs MoS,’s inherent
hydrophobicity: the interaction with water drives the MoS, to the surface while the
IPA enters the water sub-phase where it mixes with the water due to its significant
H-bonding component. The conical flask is ideal for keeping the concentration of IPA

low in a larger body of water, whilst allowing film formation over a smaller area.

Figure 6.6: MoS, film formation process on a water surface in conical flask. Once film is
formed across the whole meniscus, the ITO-coated glass substrate is dipped in
and pulled out to coat it. Films are then let dry in atmosphere before heating on a
hotplate at 250 °C for 3 minutes. Photograph of MoS, film after g dipping cycles

(right) before Au top contact evaporated.

At first the MoS, aggregates form at a number of independent nucleation sites.
However, as more dispersion is added these sites coalesce resulting in the entire liquid
surface becoming covered with a film of MoS, nano-platelets. To transfer this film

onto a substrate, an indium tin oxide (ITO) covered glass slide (1.2 cm x 1.2 cm) was

Papa—
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inserted below the surface using a set of tweezers and slowly pulled out at an angle
of ~75° to the horizontal. This resulted in the ITO-glass being coated with a thin film
of MoS, nano-platelets. This film was allowed to dry naturally in ambient air until
appearing dry. It was then placed onto a hotplate at 250 °C for 3 minutes before being
removed and allowed to cool. The MoS, film thickness was increased by re-dipping a
number of times. However, the water had to be changed every 2-3 coatings to avoid

excessive IPA content compromising the film formation.

6.2.3.1 SEM

‘
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(a) SEM far field image of film of MoS, nanoplatelets (b) SEM near field image of film of MoS, nanoplatelets

Figure 6.7: SEM of MoS, film

The resultant films were dark grey and appeared visually uniform (figure 6.6). SEM
examination (Zeiss Ultra Plus SEM) showed them to be continuous over length scales
greater than a few microns (figure 6.7a). However, when viewed at higher magnification
it becomes clear that they are composed of a disordered array of MoS, nano-platelets
(figure 6.7b).

The film for which electrical data is presented had a thickness of ~6 ym (achieved
after 9 dips). However, this thickness varied by ~20% over a line scan of 800 um
(Dektak 6M Stylus Profiler) showing that this film formation method could certainly
be improved. The surface roughness is exacerbated by not centrifuging the dispersion,

resulting in thicker than usual nanoplatelets comprising the films. For liquid phase
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exfoliated low dimensional nanostructures, the thickness at which a continuous film
can be formed (not in the percolative regime) is proportional to the smallest dimension
of the entities comprising the film.[226] This is the flake thickness in the case of 2D

nanoplatelets and so thicker platelets lead to rougher films.

6.2.4 Raman and Absorbance Spectra
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Figure 6.8: Raman spectra of both starting powder and film prepared from uncentrifuged
MoS, dispersion where the blue dashed lines represent literature values for bulk
and green corresponds to the monolayer(left). Extinction spectrum of an MoS, film

prepared by a single dipping cycle (right).

Raman spectra were recorded for the films (figure 6.8). Raman spectra of exfoliated
MoS, flakes should approach that of bulk for flakes thicker than 6 layers.[39] Peak
positions for these films coincide with literature values for bulk,Lee et al. [39], Li et al.
[41] although the value for the E',; in-plane mode found here is lower than expected
(~384 cm™). Whilst some slight shifts for powdered samples can be expected,[267] it
is unclear here why the E*,; values here are low in both powdered and film samples.
However both types of sample contain a large degree of disorder and high density of

flake edges, which is known to affect the spectra of layered materials.[34, 228]
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Also measured was the absorbance spectrum of a thin film prepared from a single
dipping cycle on an ITO/Glass substrate. Thicker films as prepared for electrical
characterisation were dark grey and did not transmit any light. The spectrum displays
the expected peaks for MoS,, though they are likely superimposed on a scattering

background.[2]

6.2.5 Metal Contacts

Gold
MoS2

Substrate ITO

Figure 6.9: Electrode structure fabricated in out of plane geometry. The sample was illuminated

from the tranparent ITO side

Devices were fabricated by evaporating a gold electrode (~50 nm thick, 1.98 mm?
electrode overlap area) on top of the MoS, film to give an ITO/MoS,/Au sandwich
structure arrangement in the out-of-plane direction (figure 6.9). After evaporation,
films were annealed in air at 200 © C for 1 hour. This resulted in roughly an order of

magnitude increase in conductivity and reduction in the noise current.

Bulk MoS, is an n-type 1.3 €V indirect gap semiconductor.[24, 32] The conduction
band edge, Fermi energy and valence band edge are at energies of 4.4, 4.8 and 5.6 eV

below the vacuum level respectively.[268]

6.2.5.1 ITO

Indium tin oxide (ITO) is a common transparent conducting oxide often used in touch
screen displays and solar cells. As a widegap semiconductor with a bandgap of 3.8 eV,
it transmits photons throughout the visible spectrum. For conductive applications, it is
degenerately doped with its Fermi level lying high up in the conduction band, giving

it a relatively low workfunction of ~4.7 eV.[269] Thus it is expected to form a neutral
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contact for electron injection into the MoS, conduction band.[87] Such a contact should

behave ohmically for sufficiently low current demands.[253]

6.2.5.2 Gold

The nature of the gold contact to bulk MoS, is more contentious and deserves fur-
ther consideration. In the simplest case, non-covalently bonded metal-semiconductor
junctions are expected to form a Schottky Barrier. The height is then modelled as the
difference between metal work function (¢ar) and semiconductor electron affinity (xs):
¢B = ¢m — Xs. Using the work-function for gold (~5.1 eV), a barrier height of ~o0.7
eV is expected at the Au-MoS, interface. However such a model is rarely followed in

practise due to the presence of surface and interface states.

It is well known that gold bonds covalently with sulfur via thio-bonds.[270] Whilst
saturated sulfur atoms on the MoS, <0001> basal plane do not bond strongly to Au,[82]
our films consist of a disordered array of nanoplatelets, with numerous exposed edges,
containing unsaturated sulfur bonds.[271] Thus there is some scope for alloying
at the metal-semiconductor interface when evaporating the metal directly onto the
semiconductor film, as has been done here. This may lead to a reduced barrier height
and improved ohmicity of the contact as in the case of Ni contacts on Si, which alloy

to form nickel silicide.[94]

The effect of the grain boundaries themselves on contact formation should also be
considered. Spatially resolved current-voltage measurements on MoS, and WS, films
explicitly show rectifying I-V’s are only possible when the contact does not touch grain
boundaries.[272, 273] At the grain boundaries the semiconductor is effectively heavily

doped, leading to ohmic conduction when metal is deposited onto these regions.

In any case, the samples tested here are highly resistive, ensuring the dominant
voltage drop is incurred across the bulk of the semiconductor film as demonstrated
by the symmetric I-V curves around the origin.[274] Thus we propose ohmic-like

(non-rectifying) contacts for both ITO and Au.
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6.3 RESULTS

The experiments outlined here were performed for films of three different thicknesses
(4, 5 & 6 um measured using a Dektak 6M Stylus profilometer). Results for all films
tested were similar and all subsequent data analysis has been performed for the 6 ym
thick film.

In order to study the photoconductivity of MoS, the sample is illuminated through
the ITO with a full spectrum solar simulator (Newport 96000), fitted with a Xe-arc
discharge lamp (150 W) and air mass (AM) 1.5 filter. The lamp was calibrated against
a standard Si based reference cell. Light intensity at the sample was controlled using a

set of neutral density filters (NDFs) purchased from Newport.

6.3.1  Current-Voltage Characteristics
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Figure 6.10: I-V curves for an MoS, film in the dark and under various light intensities (left).
Measured conductivity as a function of light intensity (right). The fit illustrates

square root behaviour as 0y et = Opark + KF7.

I-V curves were first measured in dark (figure 6.10 (left)). Such curves are symmetric
about the origin. Also, when plotted logarithmically their slope is linear up until ~25V,

implying ohmic conduction to be dominant within this voltage range. Conductivity has
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been calculated between -5 V to +5 V to be roughly 2 x 107 S m™. This is consistent
with a three order of magnitude reduction when compared with in-plane conductivity
(107 S m™) for similarly processed films.[53] This conductivity anisotropy is similar
for graphite and suggests current to be limited by interflake transport, whereby layer
to layer transport is more resistive than in-plane.[275]

Shown in figure 6.10 (left) are I-V curves measured for the same MoS, film, illumi-
nated at different light intensities (F) compared to the dark curve. Again, all curves
are symmetric and linear at low voltage, with some slight non-linearity observed
at higher voltages. Conductivity increases with light intensity showing a four-fold
increase, reaching 8 x 10"° Sm™ for F = 1100W/m?. As shown in figure 6.10 (right),
this increase scales with roughly the square root of the light intensity (F/?), consistent
with bimolecular recombination.[276] However, bimolecular recombination is usually
observed in insulators where the density of optical carriers greatly exceeds thermal
carriers in the dark, i.e. when An > ny.

The sub-linear dependence of photoconductivity on light intensity observed is
consistent with materials containing broad trap distributions.Halpern [254], Pal et al.
[277, 278], Maan and Goyal [279] Such materials show power-law behaviour expressed
as in equation 6.11. Recent photoconductive studies of TMDs are limited to mono
or few layer MS, based varieties. Most of these report linear dependence([6, 260, 261]
of photocurrent on light intensity, though some do report sub-linear[262] values
with v values between 0.5[280] and 0.71.[88] These materials are semiconductors with
reasonably high dark carrier densities, making bimolecular recombination unlikely. The
sub-linear dependence in these cases is attributed to the presence of traps associated
with the surface of the flakes or substrates. Whilst the bulkier flakes comprising our
films have the advantage of a smaller ratio of surface to bulk atoms, such films contain
numerous flake junctions & edges which will contribute localised states within the
bandgap. These can trap photo-generated carriers, leading to sub-linear intensity

dependence of the photo-current.[253]
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6.3.2 Transient Photocurrent Response
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Figure 6.11: (top-left) Photocurrent (PC) plotted versus time for three different light intensities
at 15 V. For the red curve the arrows indicate the times the light was switched on
and off whilt the black double-headed arrows illustrate the fast portions of the rise
and decay. (top-right) Fast components of PC rise and decay plotted versus light
intensity (F). The dashed line is a power law fit. (bottom-left) Slow components of
both rise and decay of PC versus F. (bottom-right) Time constants for both rising
and decating photocurrents plotted versus F. The dashed line represents F*/2

behaviour.

The intensity dependence of the photocurrent was investigated by repeating electrical

characterisation under different light intensities in the range from o-1100 W m™.

Current was measured as a function of time at constant bias (15 V, within the linear

region of the I-V curves). During the measurement, the light’s beamline was obstructed
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by a shutter to switch it on & off. Examples of the resultant curves are shown in figure
6.11 (top-left). Lowest intensities were tested first to minimize heating of the sample

on an insulating substrate.

For all light intensities the photocurrent exhibits a fast increase followed by a slow
increase to steady state on illumination. To test whether true steady state had been
reached, some curves were left to run for several hours with no deviation in the steady
state value of photocurrent. For the purpose of illustration the as-shown curves in
figure 6.11(top-left) have been truncated at the steady-state value. The fast component
is associated with the initial equilibration of the carrier generation and recombination
rates and occurs on the timescale of the carrier lifetime.[253, 281] This is of the order of
ns in MoS,.[6] The slow component is due to trap filling. Similarly on the decay once
the light is switched off, the fast component is due to the recombination of free carriers.
Thermal freeing of trapped charges is responsible for the observed slow decay . Such a

slow photoresponse is expected in films with a large density of trap states.[253]

6.3.2.1 Mono-exponential

The slow photocurrent increase can be fit to a mono-exponential function of the form

Alg = AILR + ALg (1 —lexp <;—t>> (6.14)
R

where the fast component of the photocurrent rise is Al; g and Al is the slow
component of the photocurrent rise. The time constant is 7z. Similarly, the slow

photocurrent decay can be fit to

Alp = Al pexp (;—Dt> + Alppcp (6.15)
where A p is the fast component of the photocurrent decay, Alppc p is the persistent
photocurrent and 7p the time constant.

A mono-exponential function fit is characteristic of a single type of trapping centre
where re-trapping of freed carriers is negligible.Bube [252], Rose [255], Maan and
Goyal [279], Haynes and Hornbeck [281] In the presence of different type trapping

centres the photocurrent decays as the sum of a number of exponential terms with

different time constants. The dark current on decay can be slightly higher than before
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illumination. This persistent photoconductivity (PPC) is a common effect in disordered

systems and is associated with deep traps.[255, 282, 283]

6.3.3 Intensity Dependence of Photocurrent & Time Constants

The fast components of photocurrent rise and decay have been plotted logarithmically
against F in figure 6.11 (top-right). In both cases they sit on the same line, consistent
with 7 from equation 6.11 equal to 0.54. This is very close to the 0.5 expected for
bimolecular recombination. However care must be taken here as the relationship
between this fast component and the trap distribution is not yet clear. Indeed power
law behaviour whose exponent is controlled solely by the details of the trap distribution

is well known.[252]

The slow component of the rise and decay of the photocurrent was also plotted as
a function of F in figure 6.11 (bottom-left). There is no apparent correlation on light
intensity. This behaviour is not surprising as the slow component depends on the trap
density.[253] The persistent photoconductivity (PPC, section 6.4.2) was close to 0.5 nA

for all samples.

In figure 6.11 (bottom-right) time constants for the rise and decay of photocurrent
are plotted against F and tend to fall off as roughly F~1/2. It has been shown that
when the 1p scales with intensity as Tp o F~7, this means the observed time constant
equals the carrier lifetime (including time spent in traps).[284] That this lifetime is
so long indicates that trapping is a problem in these films. Increasing the level of the
light intensity used to excite the sample corresponds to a higher free charge carrier
density. Under excitation, once thermal equilibrium is reached, a quasi-Fermi level for
electrons, greater than that in the dark is established (instead of one Fermi level for the
whole system now have one each for electrons and holes, electrons and holes are now
in thermal equilibrium with their respective bands but not with each other).[253, 255]
This quasi-Er (Er, for electrons) can be related to the original Er in the dark by[284]

0,
EFn,quasi = Epy —kTIn (m> (6.16)
Odark
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As the quasi-Fermi level for electrons increases, moving towards the conduction band
in the light, it incorporates more localised states which are now subsequently converted
into recombination centres.[253, 255] At high light intensity, more traps are filled and
so bear less influence on prolonging carrier lifetime. Also, the now larger amount of
recombination centres increase recombination, resulting in faster decays and thus lower
time constants. This behaviour of response time with light intensity is characteristic of

a continuous distribution of traps within the gap.[255]

6.3.4 Wavelength Dependent Photocurrent

After long illumination times, the photocurrent saturates at Alg = Alpg + Alggr.
Here this saturation photocurrent increases weakly with intensity. As a result, the
saturation photoresponsivity (usually defined as R = éI%“i’) falls with increasing
intensity. However, at low intensity R = 104 A W™ (measured at 15 V), similar to both
the lower end of the range reported for CVD grown TMDs[285] and early graphene
photodetectors.[264] However, this does not consider the wavelength dependence of
the photoconductivity. To test this, the wavelength dependence of the photoconductive

response was measured using a set of band-pass filters and the solar simulator.

Initially a monochromator was used to try and measure the action spectrum. How-
ever a number of factors along with the poor responsivity prevented this. Slow speed
of response prevented lock in detection. In addition, it is difficult to collimate and
collect white light from an extended source such as an arc-discharge lamp. Add in
the effects of mirror losses, narrow bandwidth and the grating efficiencies from the
monochromator and there is not enough power incident on the sample to produce a
measurable response from the background.

This resulted in performing the measurement with broadband colour filters to allow
more power incident on the sample, at the expense of a loss in spectral resolution.
Filters with 10 nm fwhm and centre wavelengths varying from 350 nm to 80oo nm in 50
nm steps were used. The transmission of each filter is shown in figure 6.12a. The Xe

lamp background spectrum is shown in black in figure 6.12b. The relative transmission
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Figure 6.12: (a) Transmittance of 10 nm fwhm colour filters (b) Colour filter transmittance

modulated by output from Xe lamp.

through each filter was then calculated by multiplying the normalised background by
the filter function. These functions represent the spectral region over which the sample

was excited for each measurement.
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Figure 6.13: Wavelength dependent saturated photocurrent for a film prepared from g dipping

cycles.[112]

Because the photocurrent scales roughly as F'/2, the measured photocurrent divided
by the square root of the integrated incident intensity is used.[285] This is plotted
versus wavelength in figure 6.13. The spectral response is found to increase with
decreasing wavelength as expected from the absorbance spectrum. We see an apparent
peak around 650 nm consistent with the A exciton position in MoS,.[1] In addition,

the spectral response increases sharply below 500 nm as observed previously for
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MoS, monolayers.[262] This suggests that the photoresponsivity calculated using the

absorbed power would be considerably higher than the value quoted above.

6.4 DISCUSSION

6.4.1 Metal Contacts
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Figure 6.14: (a) Expected band lineups of metals and resulting (b) Simulated I-V curves on
few layer MoS,, from standard band alignment theory. (c) In reality the metal
work-function is pinned close to the CB of MoS, in all cases resulting in electron

injection with some finite barrier.[7]

During the time the experiments in this chapter were conducted and written up,
gold was widely believed by the community to form an Ohmic contact to monolayer
MoS,;.[72] Following on from this, temperature-dependent studies of different metals
deposited on few-layer MoS, showed that most metals, except those endowed with
extremely low work-functions (e.g. scandium ~3.5 eV), formed contacts with some
finite barrier.[7] The height of this barrier depends only weakly on metal work-function,

consistent with Fermi-level pinning. The previous claims of ohmicity of the gold contact
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were made due to the linearity of I-V curves at room temperature and low voltage.
However, standard emission theory does not consider the thermally assisted tunnelling
current component which is responsible for such a perceived ohmic contact at room
temperature.[7]

In retrospect, the symmetry of the I-V’s manifest from the asymmetric electrodes
(ITO & Au) chosen here may well be due to pinning of the Fermi level. The rhetoric for
proposing ohmic contacts at the metal-semiconductor interface at the time of writing

was as presented in section 6.2.5

6.4.2 Persistent Photoconductivity

In order to minimize heating of the sample on an insulating substrate lowest light
intensities were tested first. However, some small increase in dark current was noted
throughout the duration of the experiment. This is characteristic of persistent photocon-
ductivity (PPC). PPC is a common effect associated with deep traps in disordered films
and occurs when a portion of the photo-generated carriers cannot flow out of the ma-
terial via the contacts..[255? ] It has been observed previously in TMD films.[260, 283]
In films of other chalcogen containing compounds (chalcopyrite and II-VI semicon-
ductors), anion vacancies have been identified as the source of the PPC.[286] However,
these materials have different bonding and crystal structures to MoS, and it is unlikely
such defects are the source in this case. Indeed, it is well known that S-vacancies are
common and have a low formation energy in MoS,, contributing a prominent defect

level close to the conduction band.[93, 95]

6.5 CONCLUSIONS

In this chapter a method has been developed to prepare solution processed thin films
of MoS, which can be fabricated into photodetectors. These show a four-fold increase

in conductivity on exposure to 1 sun broadband illumination. Due to the presence of
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traps the photo-response scales sub-linearly with intensity and slowly with time. The

photoresponsivity is similar to that of early reports for graphene.[264]

The ability to prepare photodetectors from inorganic nanomaterials by solution
processing based techniques is an important step and should allow facile fabrication
of large area devices at low cost. This work is considered a first step toward solution

exfoliated 2D optoelectronic devices.
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VARIATIONS OF DARK AND PHOTOCONDUCTIVITY IN
NANOSHEET NETWORKS BY VARYING TMD

7.1 INTRODUCTION

The most heavily studied TMDs are MoS, and WS,, although many more of these
materials exist.[16, 32] Depending on the combination of metal and chalcogen atoms
these materials can exist as insulators, semiconductors or metals. Group VI (Mo or W)
TMDs are nominally semiconducting. As the mass of the chalcogen atom increases (i.e.
from S to Se to Te), the bandgap decreases,[5, 23, 24, 26, 33, 45, 287-289] with optical
bandgaps of ~1.8, 1.5 & 1.1 eV for the sulfides, selenides and tellurides respectively.
Such a reduction in energy gap as anion weight increases is due to increased covalency
of the bonding.[25] In addition, they have indirect bandgaps ranging from ~1.4 to 1.0
eV. For a given TMD, the band structure depends sensitively on the layer number,
allowing still further opportunity to tune the bandgap for specific applications.[266] As
such, these materials have generated a large amount of interest due to the possibility

of using them in electronic or optoelectronic applications.

MoS, and WS, are well known to exhibit photoconductivity in their mono and few
layer forms.[6, 85, 88, 260-262, 280, 285] Photoconductivity is an excellent starting point
for the demonstration of the optoelectronic capability of networks of liquid exfoliated
nanosheets. However thus far, the photoconductivity of other group VI MSe, and MTe,
based TMDs has not been studied in mechanically cleaved, CVD-grown or solution
cast forms. This is unfortunate as these materials would extend the spectral range of

any device whose operation requires optical absorption.

In this chapter the first comparative study of the photoconductivity of solution

processed films of MoS,, MoSe,, MoTe,, WS, and WSe, nanosheets is reported. Being
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hydrophobic due to their low surface tension,[181] these materials self assemble into
thin-films on a water surface and can be easily transferred onto substrates. Such films
have been deposited onto lithographically pre-patterned Au electrodes on SiO, to
make photoresistors. The photocurrent response of these to a range of light intensities
from a broadband source has been investigated as a function of time and intensity.
Significant differences in performance are found, ultimately stemming from the broad

range of dark conductivities in these materials.

7.2 SAMPLE PREPARATION

7.2.1  Dispersions

All materials were > 99% pure and purchased in powder form. For each material
supplier and particle sizes were as follows: MoS, (Sigma Aldrich, <2 pm), MoSe,
(Materion, <45 pm), MoTe, (Materion, <10 pm), WS, (Sigma Aldrich, <2 pm) and
WSe, (Materion, <5 um). In all cases suspensions were prepared by adding 2.5 g of
TMD powder to 50 ml of N-Methyl-2-pyrrolidone (NMP) from Sigma Aldrich in a
glass beaker. Samples were sonicated using a stand mounted ultrasonic tip (Heilsher
model UP200S, 200 W, 24 kHz) for 1.5 hours at 60% amplitude in pulsed mode (1 s on,
1 s off).

Following sonication, samples were transferred into glass vials and centrifuged at
5500 RPM for 2 hours in a Hettich Mikro 22R. A high RPM was chosen in order to
remove the smallest flakes from these suspensions. This resulted in slightly coloured
but light transparent supernatants with the majority of the material compacted at
the bottom of the vial. At this point a solvent exchange was performed to facilitate
working in a poorer, but easier to remove, low boiling point solvent. The supernatant
was decanted and replaced with the same volume of HPLC grade isopropanol (IPA)
before re-sonicating in a Branson 1510E-MT sonic bath (20 kHz) for 30 minutes.
Following this, the samples were again centrifuged at 5500 RPM for a further two

hours and the supernatant decanted once more. This step should remove a further
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portion of the smallest flakes as well as residual NMP likely left behind after the
supernatant was first decanted. Samples were then topped up again with HPLC IPA

and bath sonicated for a further 10 minutes to help homogenise the mixture.

The centrifugation regime chosen here ensures the suspensions are mostly composed
of larger flakes and partially exfoliated crystallites. Smaller flakes have a larger ratio
of edge atoms to basal plane atoms. Films made with smaller, better exfoliated flakes
can exhibit negative photoconductivity effects on illumination, whereby the film
becomes more resistive than in the dark.[187] These effects are known to occur in MoS,
films[290] and will be studied in more detail in future work. Here the aim is to simply
compare the effect on the photoresponse of the films by varying the transition metal
atom (M=Mo or W) and the chalcogen atom (X=S, Se or Te). As such larger, less well

exfoliated platelets are used to make the films.

7.2.2  Film and Electrode Fabrication

Figure 7.1: Film formation process on water surface, based in principle on the Langmuir-
Blodgett method. Dispersion dripped onto rim of conical flask filled with DI water.
The IPA enters the water sub-phase whereas the hydrophobic TMD nanosheets
are repelled to the surface. At first nucleation sites form on the meniscus, as more
dispersion is added these sites coalesce and form a film. The substrate is then
dipped below the surface and pulled out at a slight angle to transfer the film before

allowing to air dry and placing on a hotplate at 200 °C for three minutes.

These suspensions were used to form simple thin film two terminal devices for
electrical testing for all five TMDs. Films were deposited onto SiO, /Si substrates (300

nm SiO;) using a method based in principle on the Langmuir-Blodgett method, as
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described in the previous chapter (as in figure 7.1). Once transferred, the films were let
dry in ambient conditions until all solvent had evaporated after a couple of minutes.
At this point they were placed onto a hotplate at 200 °C for 3 minutes to promote

adherence to the substrate and contacts.

The films here are deposited using a low grade, proof of principle technique, meaning
they are not optimally adhered to the substrate. A post anneal step could be used to
promote film adhesion but has not been employed here. These films are composed of
relatively thick, bulky flakes. The inherent inhomogeneity in their surface morphology
can make contact deposition on top of the films tricky. Films comprised of thinner
flakes adhere better and are less rough, but are not studied here for reasons mentioned
before. Lithographically pre-fabricated Au electrodes on SiO, /Si substrates are used
due to its high work function (5.1 eV). Though expected to be more suitably matched to
the CB of MoS,,[7, 82] low workfunction metals allows the formation of an undesirable
oxide layer at the surface when transferring a film on top of the contact in ambient

conditions.

Figure 7.2: Schematic of the device arrangement used in this work.

The devices formed had channel length and width of 50 um and 1 cm respectively.
This channel length is much larger than even the maximum nanosheet size meaning
that inter-flake charge transfer will play an important role in the electrical properties.

Silver paint and wire were used to connect the devices to a source meter. All electrical

measurements were performed using a Keithley 2400 controlled by a LabView program.



7.3 CHARACTERISATION
< o . { ]
! . ., “, R T

Figure 7.3: (A-E) TEM images of nanoplatelets. All are electron opaque suggesting them to

be thicker than usually seen for Liquid Phase Exfoliation. This is due to the size

selection method used here, to isolate thicker, bulk entities.

7.3 CHARACTERISATION

7.3.1 TEM

TEM analysis showed the resulting material to consist of electron-opaque, micron sized
nano-platelets (figure 7.3 A-E). The opacity of these objects confirms them to be much
thicker than are found using normal liquid exfoliation. The mean nanosheet length
varied from 1.4 to 0.6 ym depending on the TMD type . However also noted is the
presence of some smaller entities (hundreds of nm in length). This is consistent with
the work in chapter 6 on non-centrifuged suspensions of MoS,, prepared to investigate
photoconductivity in the out of plane direction.[112] Even though the mean size of the
nano-platelets composing the dispersions here are relatively large, importantly, they

are still solution processable.
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Figure 7.4: Flake length statistics measured using TEM. The length is defined as the longest

dimension of the flake. The quoted errors are standard errors of the distribution. The

mean length scales approximately inversely with density suggesting the variation

in size occurs during centrifugation.

Figure 7.5: SEM image of typical MoS, film with magnified view in inset.
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7.3.2 SEM

These size-selected nanosheet dispersions have been used to prepare thin films from
each of the five nanosheet types. The as-formed films were estimated to be roughly 1
pm thick from the mass of each material deposited onto the water surface. In all cases,
they were very dark grey to almost black in colour and appeared uniform to the naked
eye. SEM examination (Zeiss Ultra Plus) shows continuous films when viewed at large
length scales (>10 um) (figure 7.5). However, when viewed at higher magnification,

films are confirmed to be composed of a disordered array of TMD flakes (inset).

7.3.3 Raman Spectroscopy

Raman spectra for films and powders of all materials were recorded (figure 7.6). Peak
positions coincide well with literature values for bulk,[5, 40, 44] with slight shifts as is
sometimes the case for powdered samples.[112, 267] This is not surprising as in the
case of the films, the substrate interaction is stronger. Also, as the grating used here
has a resolution of 1800 lines/mm it is not sufficient to resolve the two characteristic
TMD phonon modes which are almost degenerate in WSe, (E',5 at 248 cm™ & A, at
250.8 cm™). Instead a single peak appears centred at ~250 cm™. Gratings with 2400

lines/mm are capable of resolving the peaks sufficiently.[43]

7.4 RESULTS

Solution-processing based techniques have been used here to exfoliate layered crystals
of TMDs into suspensions of nanosheets which can then be formed into thin films.
The aim of this work is to compare the photoconductive properties of such films for a
range of TMDs. When prepared in this way, the films consist of disordered networks of
exfoliated nanosheets.[2] In general, solution processing tends to give nanosheets with
a range of sizes and thicknesses.[52] The bandgap of all TMDs tends to vary strongly

with nanosheet thickness — for example, while monolayer MoS, has a direct bandgap
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Figure 7.6: Raman spectra of both powder and films for all materials studied. The literature
values of the in plane E',; mode positions are marked blue whereas the out of

plane A;; mode positions are marked in red..

of 1.8 eV, thicker nanosheets (e.g. bilayers, trilayers etc) have lower indirect bandgaps.
Above ~6 layers, the indirect band gap approaches that of a bulk crystal (~1.25 eV for
MoS,). This is a problem for a study such as this one because a film of as-prepared
nanosheets will contain platelets of all thicknesses from 1 to >10 monolayers. This
will render the electronic properties of the network both spatially inhomogeneous and
ill-defined, making comparisons between materials difficult. This issue is addressed by
removing all thin nanosheets from the dispersion before film formation. This will result
in thin films consisting predominately of nanosheets with >10 layers, all of which have

bandgaps identical to the bulk value.




7.4.1  I-V Curves
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7.4 RESULTS

Figure 7.7: Dark and illuminated current-voltage curves measured for thin films of A) MoS,,

B) MoSe, C) MoTe,, D) WS, and E) WSe,. In all cases, the incident intensity varied

from ~50 to 980 W/m?. N.B. The current scales in A, B and D are nA while in C

and E they are pA. F) Ratio of conductivity under illumination to dark conductivity,

plotted versus incident intensity, for all five materials.

7.4.1.1  Dark

Shown in figure 7.7 are I-V curves taken for each material in the dark. As expected for a

resistor, all such curves are symmetric about zero, suggesting Ohmic-like contacts in all

cases.[291] The dark conductivities (as determined from the slope of the curve around

the origin) varied strongly over the material set from ~10° S/m for MoS, to ~103 S/m

for WSe,. The data for MoS, is similar to previous data for in-plane conductivity in
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solution processed films.[53] However, it is ~3 orders of magnitude higher than that
found for out of plane measurements on similarly prepared films,[112] consistent with

conductivity anisotropies in layered materials such as graphite.

7.4.1.2 Light

All curves remain symmetric about the origin with linear, followed by supralinear
regions as observed for the dark current. In addition, clear increases in conductivity

with light intensity are observable. The ratio of conductivity under illumination to

C

o rltghl . . . . . . .
dark conductivity (727) is plotted versus light intensity in figure 7.7 E. It is clear from

this data that the photoconductive effect is strongest in MoS,, followed by WS, with

the other materials showing relatively weak effects.

It is also worth noting that, for each material, the voltage range over which the I-V
curves display linearity broadens slightly as a function of light intensity. This is a
common effect in polycrystalline semiconductor films and is associated with a slight
lowering of potential barriers present at the interflake junctions due to the presence
of photo-generated carriers.[117, 118, 120, 252, 292] This will manifest itself as a small

increase in carrier mobility with light intensity.

7.4.2  Photocurrent-Time Response

To compare the time dependence of the photoresponse of different MX, films current
was measured as a function of time at a constant low bias (1 V) by opening and
closing a shutter between lamp and sample while increasing the intensity each time
the shutter was closed. Typical examples of current-time traces are shown in figure 7.8
A-E. For all light intensities, on illumination the photocurrent exhibits a fast increase
followed by a slow increase to steady state (SS) as observed previously for out of plane
measurements on MoS; films.[112] The same pattern for the decay is followed in the
opposite order once illumination is ceased. The fast components are associated with
the initial equilibration of the carrier generation and recombination rates. The slow

components are due to trap filling and emptying on rise and decay respectively. A slow
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Figure 7.8: Current versus time graphs for A) MoS,, B) MoSe, C) MoTe,, D) WS, and E)
WSe,. In all cases the light was turned on at t=0 s (F=250 W/m?) and turned off
at the time indicated by the arrow. Note that in all cases, exponential rises and
decays of photocurrent were observed. F) Average time constants associated with

the photocurrent rise, measured at F=250 W/m?, for each material.
photoresponse such as that observed here is expected in films with a large density of

trap states.[253]

7.4.3 Light Intensity Dependence of Photocurrent

The steady state photocurrent, Algg, has been measured as a function of light intensity
for all five materials. This has been converted into photoconductivity, defined as

OpC = OLight — UDark , USING Opc = %,%—L where L is the electrode spacing (50 um), w is
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Figure 7.9: Steady state photoconductivity plotted versus light intensity for A) MoS,, B) MoSe,
C) MoTe,, D) WS, and E) WSe,.

the electrode length (1 cm), t is the film thickness (1 um) and V is the applied voltage

(1 V). This data is plotted in figure 7.9 A-E.

The first thing to note is the significant variation of the maximum observed photocon-
ductivity (i.e. that at 1000 W/m?). This varies from <10 uS/m for MoS, to >200 uS/m
for WSe,. In each case, a sublinear dependence of photoconductivity on light intensity
is observed, in agreement with previous measurements on films of liquid exfoliated
MoS, nanosheets.[112] This behaviour is consistent with a number of reports[254, 277?
, 278] on materials containing broad trap distributions, which all show power-law
behaviour, usually expressed as

opc = KF? (7.1)
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where K and <y are material constants. Large values of both constants lead to large
photocurrents. Such behaviour is consistent with a simple model by Rose[253, 255] for
materials with exponential trap distributions which will be further discussed below.
Fitting the data showed K to vary over ~2 orders of magnitude (see figure 7.10 B), with
values of 7y ranging from 0.38 (WS,) to 0.76 (MoTe,). This is reasonably consistent with
Rose’s model which predicts that 0.5< y <1 for systems with broad trap distributions

within the bandgap.

7.4.4 Variation of Dark Conductivity with Eq

The data above clearly demonstrates trap-limited photoconductivity for all five TMDs
studied. Figures 7.7 and 7.9 show photoconductive behaviour which varies signifi-
cantly from material to material. It would be of great interest to begin to develop an
understanding as to the nature of these differences. The most basic physical parameter
which varies across this material set is the bandgap. Because this study is based on
dispersions containing relatively thick nanosheets, the appropriate bandgap is the bulk
indirect bandgap. This varies from ~1.0 €V for MoTe, to ~1.4 eV for WS,. Whilst the
narrower bandgap for MoSe, and MoTe, ensures absorption of a greater percentage of
the broadband light, this will not be the only mechanism affecting the photoconductive

response.

Shown in figure 7.10 A is the dark conductivity plotted as a function of bulk (indirect)
bandgap for all five materials studied. The open symbols represent the mean values
averaged over a number of different samples while the closed symbols represent the
data collected from the samples for which the photoconductivity data was presented
above. This graph shows a clear trend, with dark conductivity falling with increasing
bandgap for both Mo- and W-based TMDs. This is reminiscent of the behaviour
expected for intrinsic semiconductors (i.e. with Fermi energy close to the centre of the

gap), where the conductivity is given by

=k
Opark = HeNc exp (mﬁ) (72)
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Figure 7.10: Bandgap dependence of photo-conductive parameters. A) Dark conductivity, B)
K-parameter (equation 7.1), C) ratio of K parameter to dark conductivity and
D) intensity exponent plotted versus bulk, indirect bandgap. In A), the dashed
lines represent o,k o exp (%(ETX), the open symbols represent the mean over ~5
independent samples, while the closed circles represent the samples used for the

presented photoconductivity measurements.

Here y is the electron (hole) mobility, N is the effective number of states per volume

in the conduction (valence) band and E; is the energy gap. In principle, the effective
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number of conduction band states per volume depends only on fundamental constants.
For a 3D semiconductor:[253]

27tkTm* )%

NC:2< =

(7.3)

where m* is the effective carrier mass. Equation 7.2 has been fit separately to the
data for both the Mo- and W-based TMDs, finding good fits in each case. Assuming

equation 7.2 can be applied to these systems, these fits imply a number of things.

7.4.4.1 Intrinsic Semiconductors

The fact that the experimental data displays slopes very close to -1/2kT would suggest
the Fermi energies to be very close to the centres of the bandgaps for each material.[253]
This will be discussed in more detail below. That all three Mo-based materials sit on the
same line implies that they have very similar mobilities. In addition, the data implies
the W-based compounds to have similar mobilities to each other but different to the
MoX, compounds. However, taking the fits at face value allows one to extract values of
uN¢ for both Mo- and W-based materials of 6 x 10** and 7 x 10%° V's'm™ respectively.
Taking the 3D equation for N¢ (and taking m* = 0.5m,)[293] gives mobility values of
635 and 77600 cm?/V s. Mobilities of no more than ~1 cm?/V s may be expected in
networks such as these.[294] Thus, these values are much too high, suggesting that
if equation 7.2 is applicable, the effective density of states in such 2D materials to be

considerably higher than given by equation 7.3.

7-4.4.2 Doping and Compensation

As mentioned above, equation 7.2 is valid only for intrinsic semiconductors where the
Fermi energy is close to the bandgap. However, many papers have demonstrated that
TMDs tend to be doped, resulting in Fermi energies close to the conduction band edge.
Much of what is known about TMD doping generally comes from computational stud-
ies on MoS,.[107, 108] Many papers have shown that few and monolayer MoS, samples
tend to be unintentionally n-doped.[7, 70-75] Intrinsic defects such as stoichiometric
deficiencies in compound semiconductors contribute localised states within the gap

which can act as dopants depending on their energy.[272, 273] Sulfur vacancies have a

157



VARIATIONS OF DARK AND PHOTOCONDUCTIVITY IN NANOSHEET NETWORKS BY VARYING TMEL

low formation energy in MoS,[93, 97] and are thought to contribute a level close to the
CB of its monolayer. This type of defect is known to be easier to produce and reside in
higher concentration at flake edges than in the basal plane[97] and has been suggested
as the source of the Fermi level pinning close to the CB.[93, 95] However some reports
also exist throughout the literature which show p-type operation of MoS,.[295, 296]
This has been expanded on recently by studying locally resolved electrical characteris-
tics of an MoS, sample.[94] Explicitly shown are areas of high n and p-type inducing
defect densities on a common sample. Thus the conductivity of MoS, seems to depend
on the experimental details in a non-trivial way. This aligns with older studies on bulk
MoS, which commonly showed both n[109, 297] and p-type[297, 298] operation. Much

less is known about doping in other TMDs.

However, liquid exfoliated nanosheets are not particularly clean, tending to have
non-trivial quantities of adsorbed residual solvent that is very hard to remove.[200]
It is entirely possible that such adsorbed impurities tend to dope the nanosheets,
bringing the Fermi energy toward the centre of the gap. Our method’s use of organic
solvents may induce effects not seen elsewhere in the literature. Indeed NMP has
a high boiling point and is notoriously difficult to remove completely. In addition,
the disordered films here contain a large density of flake edges. This influences the
film doping via the localised states they produce. A scenario may well exist whereby
the semiconductors here contain both donor (N;) and acceptor (N,;) dopant species,
resulting in a compensated semiconductor. The polarity of the conductivity is then

governed by (N; — N;) with intrinsic behaviour expected if N; =~ N;.[36, 80]

7.4.4.3 Effect of Mobility

It cannot be ruled out the possibility that the bandgap dependence observed in figure
7.10 A is at least partially due to a systematic variation of mobility with bandgap
in addition to the variation of carrier density implied by equation 7.2. This can be

addressed by removing the effect of mobility from the data.

From the fits in figure 7.9, the parameter K is plotted versus bulk indirect bandgap

in figure 7.10 B. This clearly shows the WX, compounds to display K-values which are
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10-100 times larger than those of the MoX, systems. Sub-linear power-law dependence
of photoconductivity on intensity such as observed here has been treated in a simple
model by Rose.[253, 255] He considered materials with a broad trap distribution which
decays exponentially from the band edge as exp (%) where AE is the energy
relative to the band edge and E, is the characteristic trap energy. In this case, Rose
derived an equation for the photo-induced carrier density, npc, which can be expressed

as
E

fwmE
T+Eg

where N¢ is the effective density of states in the conduction band, f is the electron-hole

HCZNc|:

pair generation rate (s*m3), N7 is the total trap density (m3), v is the thermal velocity
of the carriers, S is the recombination cross-section and Ej is the representative trap
energy (from the band edge). Assuming the films are thick enough to absorb all
incident light in the resonant regime (approximated here as photon energies larger
than the direct bandgap of the material), then f is related to the total incident intensity
F by f = aF where a is related to the fraction of incident light absorbed:
V= I(v)
[ gdlm.l _h—LT
LS ST dv

where [ (v) is the incident intensity in the range between v and v+dv. Note that a is

(7.5)

not expected to vary dramatically between materials. Assuming a solar spectrum, a
falls from 0.4 to 0.15 as the direct bangdgap is increased from 1.1 to 1.9 eV. With this in

mind, equation 7.1 can be re-written in the form

Bl
opc = KFY = ueN¢ [—] (7.6)
F
where Fy = &%’gﬁg and v = ﬁ% Therefore, the material properties are now
_ peNc

contained in Fy and y. Then K = suggesting the difference in K-values between

F’Y ’
WX, and MoX, compounds is due to differences in either y or the trap related

properties described by F;'.

In order to separate the effects of mobility from trapping we consider the ratio of K
and opark:
E
K  exp (ﬁ’%)

= 7)
ODark 2 7.7
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Values of K/opak are plotted versus (indirect) bandgap in figure 7.10 C and show a
clear scaling with eFs/2kT for all materials. This implies that the differences in opg,i
and K-values observed in figures 7.10 A and B are mainly due to mobility differences
between MoX, and WX, compounds rather than strong variations in Fg . Indeed from
this data, we can show that the FJ values are similar for all five materials, varying

from 6 x 10" for MoTe, to 7 x 10! for WSe, (in SI units).

However, this data also highlights the limitations in Rose’s model. Because the values
of Fg vary only weakly between materials, the variations in y described above imply Fy
to vary over ~12 orders of magnitude among the materials studied. This is not realistic,
meaning that while Rose captured the over-all behaviour with his model, the details

are not correct.

7.4.5 Photosensitivity

This data clearly shows that the relatively poor photoresponse (represented here by

OLight
Opark

) for MoSe,, WSe, and MoTe, (figure 7.7 (bottom-right)) results from the large
dark conductivities associated with these materials (figure 7.10 A). Relative to the dark
case, at 980 W/m? the conductivity rises by a factor of 4 in the case of MoS, (best
material) and a factor of just 0.15 in the case of WSe, (worst). High dark currents are
especially undesirable in photo-detection. This facilitates choice of a high bandgap
material or insulators, to limit background of thermal carriers for practical applications.
In addition to affecting the lowest measurable illumination high dark current also
decreases sensitivity at low light levels.[299, 300] This can be seen explicitly in figure 7.7
F, where the lowest light intensities used produced no measureable signal in the case
of MoTe,. Thus the dark conductivities of most of the TMDs studied here are too high

for photo-detection capabilities, especially when used with in-plane geometry.[148]

Shown in figure 7.10 D is data for y plotted versus the indirect bandgap for all five
materials. This clearly shows a falloff in y as the bandgap increases from 0.76 for MoTe,
to 0.38 for WS,. While sublinear intensity dependence has been observed for a number

of materials,[254, 277? , 278] it is not usually observed for TMDs. This is because



7.5 DISCUSSION

recent photoconductive studies of TMDs have been dominated by measurements on
individual nanosheets of mono or few layer MS, samples. Most of these report linear
dependence[6, 260, 261] of photocurrent on light intensity with only a minority report-
ing sub-linear[64, 262] behaviour with y values between 0.5[280] and 0.71.[88] In these
cases, the sub-linear dependence is attributed to the presence of traps associated with
the surface of the flakes. Liquid exfoliated nanosheets contain many flake edges which
contribute localised states within the bandgap. Whether these states act as traps or
recombination centres depends on the level of light intensity. As F increases, more trap
states for electrons are converted into recombination centres, decreasing the majority
carrier lifetime.[253, 255] Therefore it is common for disordered semiconducting films

to display diminished responsivity at high light intensities and so values of y<1.[254]

Rose’s model links the exponent v, to the characteristic trap energy, Ey, as described
above. The data here has been used to calculate Ej for each material (figure 7.10 D,
inset). This data suggests the trap energy to fall off smoothly with bandgap, indicating
the wider-gap materials to have shallower traps. The reason for this is not currently
understood. More detailed experimental work, or indeed computer modelling, is
needed to understand in more detail the trap states in these materials. This will be
critical if disordered networks of nanosheets are to be used in future optoelectronic

applications.

7.5 DISCUSSION

7.5.1 Gold Contacts

Gold electrodes have been chosen to contact films of all five TMDs. Au has com-
monly been used to make ohmic-like contacts to MoS, monolayers[72, 83, 84] at room
temperature.[7, 94]This is in contrast to what would be expected from standard band
alignment arguments, a contradiction that has been attributed to factors such as Fermi

level pinning close to the CB.[7] The low formation energy associated with S-vacancies
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for MoS, ensures they are a common defect in this material and should contribute a

localised level within the bandgap close to the CB.[93-97]

Some finite barrier is often reported when using Au to contact thicker MoS, [6, 85-88]
and WS,[147, 301] samples. However, the barrier is often lower than that expected for
a typical metal-semiconductor junction.[7, 94, 147] In addition to Fermi level pinning
due to intrinsic stoichiometric defects such as S-vacancies, the situation is further
complicated in thin films by the effects of grain boundaries. Such boundaries contain a
high defect density and thus a large number of defect/disorder induced gap states
(DIGS). Only sub-micron area electrodes, not in contact with grain boundaries are

capable of manifesting rectifying I-Vs.[272, 273, 302]

Several studies on the electrical properties of WSe, have been published recently.{69,
102, 104] This material is less prone to Fermi level pinning than MoS, and can op-
erate in both[69] p-type[104] or n-type[102] mode, depending on the contact metal
selected. Much less work has so far been published on electrical characterisation of

MoSe,[112][303, 304] and MoTe,.[305]

* MosS,
MoSe,
10°4 + MoTe, E
ws,
. + WSe,
10 +
<
< =
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10 ? - -
10° 4 gl 3
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. T T
01 1 10
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Figure 7.11: log-log plot of I-V curves for each TMD studied in this work. All materials display
ohmic conduction (m=1 marked by green straight line as a guide to the eye), at

least up to ~1 V with pre-patterned Au electrodes.

The decision to use gold on all five materials was based on a desire for consistency
coupled with data from preliminary experiments which showed all materials to give

symmetric -V curves when using gold electrodes. Films of each material studied here
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have been processed with the exact same procedure and are all characterised by a
similar degree of disorder. Furthermore, differences in the bulk band structures[19, 22,
24, 26, 206, 268, 306] of TMDs are much less pronounced than for monolayers. Also in
our favour is the fact that TMD CB offsets are also known to be much smaller than the
VB offsets. This is due to the increased repulsion between M d,: and X py+py orbitals
which make up the CB, as opposed to that between M d,(z_yz+dxy and X px+py orbitals
responsible for the formation of the VB.[23]

With this in mind one can tentatively propose a similar scenario at the metal
semiconductor interface for each material here. This could also be related to a somewhat
fortuitous pinning of the Fermi level close to the CB, resulting in an ohmic-like contact
at room temperature. Such a contact would be consistent with the linear I-V curves at
low voltages as in figure 7.7. This can be visualised more conveniently on a log-log
plot as in figure 7.11. This implies ohmic conduction within this voltage range, though
some non-linearity is noted at higher voltages. Future studies will no doubt find other

metals more appropriate.

7.5.2 Time Constants

In most cases, the time constants associated with the slow rise and decay of photocur-
rent fall off with intensity as expected for systems with a distribution of localised
states. Such behaviour is consistent with an increased number of such states acting
as recombination centres at higher intensities once illumination has ceased.[253, 255]
However, the data is much more scattered than that previously observed for out of
plane, solution processed MoS, photodetectors.[112] The time constants, measured
for a rising photocurrent in each material at a fixed intensity of F=250 W m™, are
given in figure 7.8 F and are typically tens of seconds. Interestingly, the MoS, time
constant is lower than that observed from out of plane photocurrent measurements
(~100 s).[112] In any case, this data shows the photoresponse to be trap-limited for all

five materials.[253]
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Figure 7.12: Measured time constants associated with both rise and decay of photocurrent with

time for all materials, plotted versus incident intensity. Exponential behaviour is

only clearly observable due to signal to noise ratio.

The poorer relation of time constants to intensity fall off in this chapter compared

with the last may be explained in part by the lower voltage used to bias the films

here (1 V versus 15 V in chapter 6). At lower biases the time dependent I(t) curves are

not as well defined in shape as at higher biases, making the fitting of the exponential

more difficult. Trapped charge also distorts the signal throughout this part of the

measurement.
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7.6 CONCLUSION

Photoconductivity measurements on thin films, prepared from disordered networks
of nanosheets of five transition metal chalcogenides have been performed. Significant
differences in performance, with both dark- and photo-conductivity varying widely
between materials are found. The dark conductivity falls exponentially with bandgap
with clear differences between Mo- and W-based materials. The photoconductivity

could also be clearly differentiated between Mo- and W-based materials.

Both the time- and intensity-dependence of the photoconductivity indicate the
photoresponse to be limited by the presence of traps. The practical disadvantages of
this are a slow photoresponse and a sublinear dependence of photoconductivity on
intensity. Because of the dependence of dark conductivity on bandgap, the ratio of
photo- to dark conductivity is much larger for the wide bandgap TMDs (MoS, and
WS,) even though they tend to display relatively small photoconductivities. Thus, this
palette of materials presents different options, dependent on whether high absolute or

relative photocurrent is required.

The production of solution-processed films of inorganic nanosheets is still very
much in its infancy. One can imagine many ways to improve these systems. For
example, in the future much greater control will be developed over the size and
thickness of nanosheets, leading to much more uniform networks.[226] In addition,
the development of better film formation techniques, whether by spray, inkjet or blade
coating will lead to more controllable film morphologies. Moreover, chemistries might
be developed to modify or eliminate the effect of traps, perhaps by healing chalcogen

vacancies or pacifying edge states.[307]

The work in this chapter plays a part in the early stages of development of opto-
electronic applications of solution processed nanosheet networks. It is believed that
this field has much promise and will play an important role on the development of

nanostructured printed electronics.
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CONCLUSIONS AND FUTURE WORK

8.1 CONCLUSIONS

In this work a comprehensive study of the dispersability of MoS,, MoSe,, MoTe, &
WS, in a range of solvents has been carried out to investigate the effect of transition
metal atom and chalcogen atom on solubility. Relatively high concentrations (table 4.3)
are only obtained in solvents with surface energies close to 70 mJ/m? (surface tension
close to 40 m]J/m?), agreeing with solubility theory which predicts nanomaterials
to be well dispersed in solvents with matching surface energy. The data have also
been described in terms of Hildebrand and Hansen’s traditional cohesive energy
density based solubility parameters. In all cases the dispersed concentration falls off
exponentially with the Flory-Huggins parameter, suggesting solubility theory can be
used to understand the interactions between the solvent medium and nanosheets.

The solubility parameters of each material investigated are very similar (table 4.2),
meaning the same set of solvents can be used to exfoliate each material. This is
important from the perspective of applications requiring mixing such as conductive
composites[53, 55] (with graphene or nanotubes) or bulk nano-heterojunction solar
cells.[157-159]

A significant degree of scatter in the experimental data means the solubility theory
used here is a good first order description and can give qualitative information on
the dispersion of layered compounds. However, computational and IGC experimental
data suggest specific solvent-solute interactions for nanostructures, that could aid or

discourage solubility, are not accounted for in the theory.

Liquid phase exfoliation constitutes a solution processing method which makes it

amenable to industrial scale-up.[200] However films formed from such a method have
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an inherently poor conductivity due to the disordered nature of the resulting network
and large associated density of inter-flake junctions. This led to the preparation of thin
film composites of both SWNTs and exfoliated graphene nanosheets (the conducting
nano-filler) in a matrix of exfoliated MoS, nanosheets. A combination of scanning
electron microscopy and Raman spectroscopy shows these mixtures to be uniform
down to a length-scale of ~microns. An increase in conductivity of up to ~9 orders
of magnitude is realisable on addition of the nano-conducting phase. In both cases,
the conductivity obeys percolation scaling laws both above and below the percolation
threshold. The percolation thresholds are ¢. = 2.6 vol% and ¢. = 22.2 vol% for the
MoS,-SWNT and MoS,-graphene composites respectively.

For the SWNT filled composites, this low percolation threshold means that conduct-
ivities as high as ~40 S m™ for volume fractions as low as ~4 vol% are achievable.
Similar results are expected to be found for other exfoliated layered compounds filled
with nanoconductors. Such materials will be important in a range of applications
from thermoelectric devices to electrodes in batteries and supercapacitors. This work
represents the first detailed study of such 2D-2D and 1D-2D composites. Further work
is required to understand the role of the matrix nanostructure in determining the

performance of such composites.

A method has been developed to prepare solution processed thin films of MoS,
which can be fabricated into photodetectors. These show a four-fold increase in
conductivity on exposure to one-sun broadband illumination. Due to the presence of
traps the photo-response scales sub-linearly with intensity and slowly with time. The
photoresponsivity is similar to that of early reports for graphene.[264]

The ability to prepare photodetectors from inorganic nanomaterials by solution
processing based techniques is an important step and should allow facile fabrication

of large area, solution exfoliated 2D optoelectronic devices at low cost.

Although it is the most widely studied, MoS, is only one of a group of six Mo
and W based semiconducting TMDs. Photoconductivity measurements have been
performed on thin films, prepared from disordered networks of nanosheets of five

transition metal dichalcogenides; MoS,, MoSe,, MoTe,, WS, and WSe,. Significant
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differences in performance, with both dark- and photo-conductivity varying widely
between materials are found. The dark conductivity falls exponentially with bandgap
with clear differences between Mo- and W-based materials. The photoconductivity
could also be clearly differentiated between Mo- and W-based materials.

Again, both the time- and intensity-dependence of the photoconductivity indicate
the photoresponse to be limited by the presence of traps. The practical disadvantages
of this are a slow photoresponse and a sublinear dependence of photoconductivity on
intensity. Because of the dependence of dark conductivity on bandgap, the ratio of
photo- to dark conductivity is much larger for the wide bandgap TMDs (MoS, and
WS,) even though they tend to display relatively small photoconductivities. Thus, this
palette of materials presents different options, dependent on whether high absolute or
relative photocurrent is required.

The production of solution-processed films of inorganic nanosheets is still very much
inits infancy. One could imagine many ways to improve these systems. For example, in
the future much greater control over the size and thickness of nanosheets is expected,
leading to much more uniform networks.[226] In addition, the development of better
film formation techniques, whether by spray-, inkjet- or blade coating will lead to more
controllable film morphologies. Moreover, chemistries might be developed to modify
or eliminate the effect of traps, perhaps by healing chalcogen vacancies or pacifying

edge states.[307]

[t is hoped that the work in this thesis plays a part in the early stages of the
development of optoelectronic applications for solution processed nanosheet networks.
It is believed that this field has much promise and will play an important role on the

development of nanostructured printed electronics.
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8.2 FUTURE WORK

8.2.1 Negative Photoconductivity

The decision to use un-centrifuged MoS, dispersion to test the photoconductivity was
initially borne out of practical concerns to stop the electrodes shorting when fabricating
the photodetector in an out-of-plane sandwich structure. Fabricating such devices
in an in-plane geometry bypasses these constraints, allowing one to use standard
centrifuged dispersions comprising smaller, thinner nanosheets. However, once such
devices were fabricated an anomaly was noticed in the conductivity on broadband
illumination, whereby the film becomes more resistive a short time after illumination

following an initial increase as in figure 8.1.

4.0x10* Ve 10V
A Fe B30 Wm’
3.0x10° 4 oFF
g l
—

2.0x10° 1

ON
1.0x10°

Figure 8.1: Negative photoconductivity, whereby film becomes more resistive under illumina-

tion than in the dark

Such effects have been noticed in MoS, some time ago.[290] This effect has also been
noted sporadically throughout the literature in other semiconducting systems with
certain impurities.[308] The effect can be explained by a simple model in which two

distinct trapping levels are present within the bandgap, as in figure 8.2.[309-311]

1. The light is turned on and electrons are initially excited from the VB to the upper

impurity level in the bandgap
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Conduction Band

&ZLL Pl A

5
Valence Band

Figure 8.2: Transitions involved in negative photoconductivity model of Johnson & Levinstein.

Adapted from Penchina et al. [311].

2. The hole left behind in the VB is now free to conduct

3. After a short time this free hole recombines at the lower impurity level, which is

normally occupied by electrons
4. An excited electron is then trapped at this lower impurity level
5. The light is turned off and holes are no longer being generated in the VB
6. Electrons are slowly thermally excited to the CB from the upper impurity level

7. Photons of higher energy excite electrons from the lower impurity level to the

CB, giving an additional positive photoconductivity

The effect can occur if minority carriers are optically freed from a localised level within
the bandgap due to rapid recombination with majority carriers. It is rarely seen as
in order for this effect to manifest a number of conditions must be co-fulfilled: The
thermal freeing of electrons from shallow levels must be slower than recombination
at the lower impurity level, holes must not recombine at the higher level which must
remain above the (quasi) Fermi level, the cross-section of the states for the majority
carriers at the higher level must be less than that at the lower level and the density of
states at the lower impurity level and its cross-section for minority carriers must not

be too small.[253]
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Whilst this affect may not be useful for optoelectronic applications it is an interesting
phenomenon to study. As things stand it seems as if the effect is induced when
smaller nanosheets are present in the dispersion as is the case when using the usual
centrifugation regime of 1500 RPM for go minutes. Smaller nanosheets have a larger
ratio of edge sites to basal plane sites than larger, less well exfoliated platelets. Such
edge sites are chemically and electrically very different to bulk MoS, which could be
responsible for the effects seen.[60, 271] With this in mind a study has been conducted
in conjunction with recent size selection methods developed using different centrifuge
regimes.[52] The aim is to discern at roughly what size the negative photoconductivity
becomes prominent, if it is indeed a size related effect. The data is yet to be fully
analysed, but no such negative photoconductivity effects have been seen for MoS, or
WS, so far.

Such size selection protocols have been developed using aqueous surfactant solutions
as the solvent medium. Films were washed with DI water post processing to remove
any lingering surfactant; it may well be the case that some surfactant still remained
which had the effect of passivation of previously electrically active states within the
bandgap. Alternately, the presence of NMP, which has not been used in this study
(but was used in previous studied on centrifuged dispersions) may be responsible
for the negative photoconductivity. One more effect that has not been investigated to
this end also is the degree of dispersion polydispersity. With these layered materials
having bandgaps which are a strong function of layer number[22, 312] between the
bulk and monolayer limits, the effect could be a symptom of the energetic disorder that
polydispersity may induce. More work is needed to fully characterise and understand
the source of such effects so that they may be minimised in future optoelectronic device

fabrication.

8.2.2  Solution Processed Deuvices

The feasibility for liquid phase exfoliation to be implemented with mature technologies

like inkjet printing has been demonstrated recently by our group having fabricated
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low-end photodetectors on transparent flexible substrates (figure).[187] This can be

Graphene
electrode
trace

f icm

MoS2 channel

Figure 8.3: All inkjet printed photodetector with liquid phase exfoliated graphene electrodes

and MoS, active channel printed on flexible PET substrate.[187]

done as solution processing techniques (dip-coating, spraying or inkjet printing) are
low temperature, which also makes them inherently much easier to process. As such,
they can be fabricated quickly and cheaply. To this end, it would be logical to begin
to develop liquid phase processed materials for applications in other areas than just
photo-detection such as FETs and solar cells.

Once suspended in liquids, nanosheets can be cheaply and easily deposited to form
networks.[187, 313] Here the main limitation will be that the carrier mobility in a
network would be expected to be much smaller than that in an individual nanosheet
because of the necessity of inter-sheet hopping. However, in networks of carbon
nanotubes[314] and graphene nanosheets[315, 316], the ratio of nano-object to network
mobilities is often as low as 100. As TMD nanosheets have mobilities of ~100 cm?/V
s,[72] it may be possible to develop networks of nanosheets with mobilities of a few

cm?/V s, competitive with printable organics.[294]

In order to develop printed electronics applications of 2D materials, appropriate

methods to controllably disperse high quality nanosheets in liquids are required.

Importantly a method has recently been developed which allows the nanosheets to be
sorted by size.[52] Such dispersions of exfoliated nanosheets are extremely processable
and combining different types of nanomaterials will allow the production of a wide

range of devices from these dispersions.
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