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Abstract

In this thesis we investigate the use of van der Waals heterostructures in optoelec-
tronic devices. An improvement in the optical and electronic performance of specific
devices can be made by combining two or more atomically thin materials in layered
structures. We demonstrate a heterostructure photodetector formed by combining
graphene with tungsten disulphide. These photodetectors were found to be highly
sensitive to light due to a gain mechanism that produced over a million electrons
per photon. This arises from the favourable electrical properties of graphene and
the strong light-matter interaction in WS,. An analysis of the photodetector per-
formance shows that these devices are capable of detecting light under moonlight
illuminations levels at video-frame-rate speeds with applications in night vision ima-
ging envisaged. We also report a novel method for the direct laser writing of a high-k
dielectric embedded inside a van der Waals heterostructure. Such structures were
shown to be capable of both light-detection and light-emission within the same de-
vice architecture, paving the way for future multifunctional optoelectronic devices.
Finally we address a more fundamental problem in the properties of aligned grap-
hene/hBN heterostructures. Strain distributions are shown to modify the electronic
properties of graphene due to a change in the interlayer interaction. We demon-
strates a method to engineer these strain patterns by contact geometry design and

thermal annealing strategies.
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Introduction

1.1 Optoelectronics

Optoelectronic devices bridge the optical and electronic worlds.' Modern technology
relies heavily on optoelectronic devices especially within the fields of telecommuni-
cations, energy generation and consumer electronics. Transcontinental fibre optic
cables carry photonic signals around the world through a series of infrared lasers,
optical amplifiers and detectors with this interconnectivity forming the foundation
of the internet. Solar panels convert sunlight into electricity which can power our
homes and businesses. In the UK alone solar photovoltaic (PV) capacity has grown
from 22MW in 2008 to over 13000 MW in 2017.%2" At an individual level optoe-
lectronic devices are found everywhere. Smart phones have high-definition organic
light-emitting diode (LED) displays as well as high-resolution CMOS (Complemen-
tary metal-oxide-semiconductor) image sensors.

The use of optoelectronic devices is expanding at an impressive rate. Economic
forecasts predict that the global optoelectronics market is set to grow ~ 18% a year
between 2017 - 2023.” Currently materials such as silicon and germanium are at the
heart of optoelectronic devices. To maintain such growth into the future and develop

4H6

new markets, such as in wearable electronics,*™ a new generation of materials are

required.

1.2 Two-dimensional materials

Graphite was first utilized by a modern civilization in the 16th century by the
English Royal Navy. The discovery of a massive deposit in Cumbria, England led
to the creation of the now famous Borrowdale mine. Here graphite was used to
reduce the surface roughness of cannon balls by acting as a lining material in the
moulds.” The smoother design increased the range at which they could be fired
owing to a reduction in the skin friction drag and arguably this contributed to the

naval dominance of the British over the next few hundred years. It therefore seems
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fitting that the latest major advance in the study of graphite was also made in the
United Kingdom.

The ground breaking experiments into graphene,® a single layer of graphite,
led by Andre Geim and Kostya Novoselov ignited interest in two-dimensional (2D)
materials and subsequently won them the 2010 Nobel Prize in Physics. The unpre-
cedented attention that graphene has received is demonstrated by the huge numbers
of papers being published on the subject. The success of graphene allowed resear-
chers to re-examine the properties of other layered materials at the monolayer limit.
Today the 2D material family includes insulators, such as hexagonal boron nitride
(hBN), and semiconductors (e.g. molybdenum disulphide, MoS,) to complement
the semimetal graphene.

Two-dimensional materials have found applications across many fields in science

OHIT 1275 plasmonics,*® and spin-

including electronics, photonics and optoelectronics,
tronics.*” Present research efforts are focussed on combinations of 2D materials
known as van der Waals heterostructures.™® These structures can combine the pro-
perties of two materials into a single device due to an interlayer interaction which is
able to redistribute charges and induce structural changes. In this thesis we explore
some of these material combinations as an attempt to overcome their individual

limitations.

1.3 This Thesis

In Chapter [2| the theoretical concepts which underpin the experimental work will be
introduced. In particular the electronic and optical properties of graphene, hBN, and
transition metal dichalcogenides (TMDs) are discussed. Optoelectronic devices ba-
sed on 2D materials are introduced with explanations of common figures of merit and
photodetection mechanisms provided to guide the reader. Finally a literature review
of graphene-based photodetectors is presented highlighting the key areas in which
improvements can be made. Chapter [3| details in depth the experimental techniques
that have produced the results found in subsequent chapters. The creation of he-
terostructures of 2D materials through the dry transfer technique is described as is
the fabrication of high-quality optoelectronic devices. Raman spectroscopy is intro-
duced through both classical and quantum theories and discussed with regards to
graphene and TMDs. Techniques for the characterisation of optoelectronic devices
are also discussed. The first experimental investigation can be found in Chapter [4]
Here, tungsten disulphide (WS,) is used as a light-absorbing layer in a graphene
phototransistor. The strong light-matter interaction of WS, coupled with the elec-
tronic properties of graphene produces a highly sensitive photodetector. Unique to
this system is the screening of charged impurities which increases the speed of the

device over previous works. Chapter [5| demonstrates a technique for the incorpora-



3 CHAPTER 1. INTRODUCTION

tion of a high-k dielectric into heterostructures of 2D materials. The optoelectronic
properties of a tunnelling transistor based on this are examined with the results de-
monstrating that both light-emission and light-detection are possible within a single
device architecture. This is the first demonstration of the use of high-k dielectrics in
van der Waals heterostructure optoelectronic devices. Finally in Chapter [6]a method
for strain engineering of the twist angle between graphene and hBN is demonstra-
ted. Complementary Raman spectroscopy and electrical transport measurements
reveal that strain can be induced and relaxed in these superlattice structures. This
represents an important step in the understanding the role played by contacts in

twist-angle phenomena.
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Theoretical concepts and literature review

2.1 Graphene family

2.1.1 Crystal lattice

Graphene is a two-dimensional (2D) allotrope of carbon in which three electrons
form sp? hybridized covalent bonds with the remaining electon held in the p-orbital
perpendicular to the plane of the sp?. The overlap of these p orbitals into a 7
band leads to the de-localization of charge carriers in graphene which dominates the
electrical transport properties.®® hBN is the inorganic analogue of graphene where
each pair of carbon atoms is replaced by a boron-nitride pair.#"® Similar to graphene
it has two electrons per unit cell however due the difference in electronegativity
between boron and nitrogen the m-electrons are localized around nitrogen.

Figure shows the honeycomb crystal lattice with triangular Bravais lattice

vectors:

=7 (3.v3), @- . (3.-v3). (2.1)

where a ~ 1.42 A is the nearest neighbour distance between carbon atoms in grap-
hene. The two sub-lattices A and B represent the two atom basis of the unit cell
with each atom surrounded by three atoms from a different sub-lattice. The nearest
neighbour vectors are:

51:g<1,\/§), §2=9(1,—¢§>, 5y =

. (—1,0). (2.2)

a
2
The reciprocal lattice is also triangular with vectors:

b = ?3_“ (1L.V3), b= §£ (1.-v3). (2.3)

Figure [2.1b shows the Brillouin zone of the honeycomb lattice with zone centre
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a b

<

Figure 2.1: Honeycomb lattice and stacking order. (a) Triangular Bravais
lattice with unit vectors @; and @y and nearest neighbour vectors d; 3. In grap-
hene carbon atoms occupy the A and B sub-lattices whereas for hBN boron and
nitrogen atoms occupy an individual sub-lattice. (b) Brillouin zone of honeycomb
lattice. Dirac cones are located at the K and K’ for graphene (hBN has energy gap).
(c¢) Optimal stacking modes of graphite (AB, top) and hBN (AA’, bottom). For
illustration purposes the second hexagonal layer has dashed lines and smaller atoms
(coloured circles).

AA!

(I") and high-symmetry points K, K’ and M:

7o (_ﬂ_ﬂ> R (i,__”), M = (_”,o). (2.4)
3a 3\/5(1 3a 3\/5@ 3a

Graphite and bulk hBN consist of many monolayers weakly attracted to each other
through a van der Waals potential.® It is this van der Waals gap that facilitates
the exfoliation of individual layers from the bulk material. Adjacent layers can be
stacked in different configurations for which an optimal stacking mode exists, Figure
2.1k. In graphite AB stacking is favourable where one carbon atom resides in the
centre of the hexagon of the adjacent layer whereas in hBN a nitrogen atom in one
layer resides on top of a boron atom in another (AA’ configuration).”

The electronic structure of graphene arises from both sp? hybridized states and
7 states. The latter forms a single band with conical crossing points at K and K’
whereas the former produces occupied and empty bands separated by a sizeable gap.
The Fermi energy of undoped graphene is found at these crossing points separating
the filled valence and empty conduction bands with zero band-gap. Due to the
finite conductivity at zero temperature (a property of chiral Dirac fermions in 2D)

graphene can be described as a semimetal .
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Energy (eV)
o

-—
7 <]
-14
-21
K H AT M L A
Wavevector

Figure 2.2: Band structure of graphene and hBN. (a) Energy spectrum of
monolayer graphene (in units of t) in nearest neighbour approximation for ¢t = 2.7eV
(b) Zoom of energy bands close to a Dirac point. (¢) Energy spectrum of bulk hBN.
(a,b) Adapted with permission.? (c) Adapted with permission.”

2.1.2 Tight-binding formulation

Figure shows the band structure of graphene produced by considering only the
m-states and nearest-neighbour hopping. Following the work of Wallace a simple

tight-binding model is used.™ The Hamiltonian is described by a 2 x 2 matrix:

s [0 tS(k)
H(k) = (tS*(E) ) , (2.5)

where t is the hopping parameter, k the wave vector and

S(k) = Ze“}g = 2exp (ikga) cos <k:ya\/§> + exp (—ik,a) . (2.6)

= 2
5
The energy bands derived from this Hamiltonian are:

E(k) = +t|S(k)| = +t7/3 + f(K), (2.7)
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Figure 2.3: Field-effect transistor. (a) Schematic of graphene Hall bar device
(upper) including electrical connections (lower). (b) Conductivity (o) vs carrier
density (n) for graphene FET at 300 K.

where

f(k) = 2cos (\/gkya) + 4 cos <§kya> cos (gkxa> : (2.8)

As S(K) = S(K') = 0 the two bands cross at these points, shown in Figure .
Figure shows the energy spectrum of bulk hBN. Unlike graphene the valence
and conduction bands are separated by a forbidden energy gap at the K(K') points.
Therefore hBN is an insulator.

Expansion of Equation around the Dirac points (K, K’) yields linear bands
with £ = +hop|k| with the Fermi velocity, vp ~ 10°ms™. The Fermi wavevector

(kr) is related to the carrier concentration (n) by:

b= |22 (2.9)
9sGv

where g, and g, are the spin and valley degeneracies. Therefore we can relate the

Fermi level Er to n through:
EF = h’UFkF = hUF\/ﬂ'n. (210)

The density of states for monolayer graphene is:

_ 2 |E|

T hPv?

D(E) (2.11)
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2.1.3 Graphene transistors

Metal-oxide-semiconductor field-effect transistors (MOSFETS) are used to probe the
electronic properties of graphene.®1¥ Figure shows a schematic of a graphene
MOSFET. Graphene is deposited on a silicon substrate capped with a thermally
grown oxide (Si*"/Si0,). The thickness of this oxide is chosen such that the optical
contrast of graphene is maximised (typically 90 or 290 nm).™Y Metal contacts are
deposited and the device is packaged in standard semiconductor chip carriers to
connect with measurement equipment. Further details of fabrication methods can
be found in later chapters as well as in Appendix[A] At the heart of the MOSFET is a
metal-oxide-semiconductor structure. Here the metal is the highly doped silicon and
the semiconductor is graphene. The physics of such a structure can be explained
using a parallel plate capacitor model where the charge per unit area on either
plate is: @ = CV .14 Therefore by applying a voltage to the silicon (V) a change
in carrier density (An) of the graphene channel can be induced due to capacitive
coupling between the two:

An = CoAVes

. (2.12)
where the geometric capacitance (C, = e, /d) is approximately 1.19 x 107® F cm 2
for 290nm of SiO,. For this thickness of SiO,, Vi, is typically limited to £100V
which modulates the carrier density by An ~ £7.4 x 10?2 cm~2 with the voltage
range chosen to prevent dielectric breakdown. Using equation[2.10]the corresponding
change in Fermi level is calculated (Ep = £320meV).

Figure shows the experimentally obtained conductivity of graphene as a
function of carrier density with a linear dependence observed for both electron and
hole doping. Indeed at high carrier concentrations graphene can be treated as a 2D

electron gas with a conductivity describe by the Drude model:
o = nep. (2.13)

However this assumption breaks down as the carrier concentration approaches zero
where graphene has a non-zero minimal conductivity o, ~ 4e?/h.*"

Graphene has attracted significant attention since the initial experiments over
a decade ago.® 1% The ambipolar field-effect allows the continuous tuning of charge
carriers between electrons and holes with room temperature mobilities exceeding
10°cm? V~1s™! for high quality graphene devices.™#4 Unlike other high-mobility
materials (e.g. InSb) in graphene an ultra-high mobility is maintained even in do-
ped devices. This allows room temperature ballistic transport to be observed over
micrometer length scales.’® Due to the finite minimum conductivity the ON/OFF
ratios in graphene are typically below 10! which excludes its use in logic applicati-
ons though it may prove suitable for high frequency applications.'® Fundamentally

graphene has provided researchers with a system in which physical phenomena such
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Figure 2.4: Optical properties of graphene. (a) Optical micrograph of mono-
and bi-layer graphene on metal support (see inset). Line scan profile shows the
transmittance along the yellow line. (b) Spectral dependence of transmittance (open
circles). Red (green) line indicates behaviour for ideal Dirac fermions (graphene).
Inset shows transmittance as a function of layer number. Reproduced with permis-
sion .8

as the quantum Hall effect can be readily accessed. Indeed there are even proposals

to use graphene as a quantum Hall standard.*"

2.1.4 Optical properties

The band structure of graphene can be approximated by linear Dirac cone around
the Fermi energy and the absence of an energy gap allows for uniform absorption
across a wide part of the electromagnetic spectrum. Indeed the optical response of
graphene is dominated by direct transitions from the valence to conduction band for
photon energies above the far-infrared (FIR). Figure shows an optical micro-
graph of mono- and bi-layer graphene suspended on a metal framework with each
layer absorbing ~ 2.3% of light. Interestingly within the linear energy range this
value is independent of frequency, Figure 2.4b. From the tight-binding model this
universal conductance can be determined by fundamental constants o(w) = me?/2h,
producing an absorbance of A(w) = 4n/c- o(w) = ma = 2.3% where « is the fine
structure constant.’® Electrical doping can shift the Fermi energy by hundreds of
meV which can dramatically change the optical absorption through Pauli blocking.

In such a scenario optical transitions are suppressed for photon energies below [2EF|.
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Figure 2.5: TMD crystal structure. Trigonal (a) and octahedral (b) atomic
coordination as viewed out-of-plane (top) and in-plane (bottom). Transition metal
atoms are purple, chalcogen atoms are yellow.

2.2 Transition metal dichalcogenides

Transition metal dichalcogenides (TMDs) are part of the 2D material family that,
like graphene, can be exfoliated into atomically thin crystals. Of particular interest
are the semiconducting TMDs as the presence of an energy gap in their band struc-
ture has a profound influence on their electrical and optical properties. 2220 Figure
[2.5] shows the lattice structure of a prototypical TMD, MX,, where M represents
a transition metal (M = M, W) and X a chalcogen (X = S, Se). Here the metal
atom is sandwiched between two chalcogen atoms with both species arranged on
triangular lattices. From an out of plane perspective a hexagonal lattice similar to
graphene is seen though in this system a monolayer consists of three atomic planes
giving a thickness of ~ 6 A. The intralayer M-X bonds are covalent whereas adjacent
MX, layers are weakly coupled by van der Waals forces. The metal and chalcogen
atoms can arrange in different coordinations with the most common the trigonal
and octahedral, shown in Figure [2.5

A theoretical description of the band structure of TMDs requires the use of
relativistic Density Functional Theory (DFT) due the intrinsic spin-orbit coupling. 2!
Figure shows the band structure of MoS, as the thickness is reduced from bulk

to monolayer. For n-layers (where n> 2) the lowest energy transition is indirect and
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originates from the valence band maximum found at the I'" point. However upon
reducing n = 1 this transition is direct with the valence band maximum now found
at K.

The semiconducting nature of TMDs make them suitable in transistor logic ap-
plications. Figure [2.6p shows the room temperature transconductance of monolayer
WS,. As gate voltage is swept from —60V < V,; < 60V the source-drain current
increases from 10711 A to > 1075 A giving an ON/OFF ratio greater than 10°. In Fi-
gure strong photoluminescence of WSe, is observed due to the direct transition
which favours the radiative recombination of photo-excited charges. The absorption
spectra of TMDs exhibit sharp resonance features that correspond to excitonic tran-
sitions. Excitons are quasi-particles that exist because of the Coulomb attraction be-
tween photoexcited electron-hole pairs, see inset Figure [2.6c. For monolayer TMDs
theoretical calculations predict large exciton binding energies (Ep = 0.5 — 1eV),
due to reduced dielectric screening, which is an order of magnitude larger than those
found in conventional semiconductors.“”s3 This allows the observation of excitonic
effects at room temperature.

The direct bandgap in monolayer TMDs occurs at the K and K’ points in the
hexagonal Brillouin zone. Having two or more minima in the conduction band at
equal energies but at different positions in momentum space gives electrons a val-
ley degree of freedom (DOF).*® Unlike graphene, monolayer TMDs lack a centre
of inversion symmetry which means that electrons with different momenta have a
different energy spectrum. Figure shows that the origin of the lack of inversion
symmetry in monolayer TMDs arises because the metal and chalcogen atoms lie in
different planes. Inverting a vector that points from the centre to a chalcogen atom
will point to a vacant site. Inversion symmetry breaking leads to valley-dependent
optical selection rules at the K and K’ points due to the contrasting circular di-
chroism at opposing points in momentum space, see Figure .26 Incoming circu-
larly polarized light will excite electrons of a particular spin and due to spin-orbit
coupling this will define the momentum of the electron. Spin-orbit coupling arises
from the d-orbitals of the transition metals and causes the conduction and valence
bands to become spin split. For instance, left-handed or negative helicity (o¢~) pho-
tons will excite spin-up electrons at the K point. Right-handed or positive helicity
(6) photons of the same energy (e.g. red arrows) will excite spin-down electrons
at the K’ point.“™“? These findings could allow the realisation of valleytronic de-
vices whereby the population of one valley or another could be used to store and

manipulate information 2023
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Figure 2.6: TMD band structure and optoelectronic properties. (a) MoS,
band structure for bulk, quad-layer, bi-layer and monolayer (from left to right).
Adapted with permission.?2 (b) Transconductance of WS, monolayer FET. (c)
Room temperature photoluminescence of monolayer WSe,. The inset illustrates
the formation of an exciton due to the Coulomb attraction between a photoexcited
electron-hole pair.



2.3. VAN DER WAALS HETEROSTRUCTURES 16

a b

Graphene

Figure 2.7: Inversion symmetry and valley selection rules. (a) The unit cell
of graphene contains two carbon atoms (grey spheres). Graphene has inversion
symmetry because any vector (black arrow) from the centre point (black circle) to
a carbon atom can be inverted and still point to a carbon atom. To break inversion
symmetry the two sublattices have to become inequivalent.?* In TMDs the metal
(M, maroon spheres) and chalcogen (X, yellow spheres) atoms lie in different planes.
Inverting a vector that points from the centre to a chalcogen atom will point to a
vacant site - resulting in a lack of inversion symmetry. (b) The lack of inversion
symmetry gives rise to valley optical selection rules. Incoming circularly polarized
light will excite electrons of a particular spin and due to spin-orbit coupling this will
define the momentum of the electron.

2.3 van der Waals heterostructures

Layer-by-layer assembly of 2D materials can be used to produce complicated hete-
rostructures. Unlike traditional 3D heterostructures, those based on atomically thin
materials are primarily driven by interface effects due to the absence of bulk mate-
rial, with this interlayer interaction able redistribute charges and induce structural
changes. The strength of this interaction is governed by the alignment (or misalig-
nment) of the crystallographic axes of one layer with those of another layer.="
Indeed this emerging field of research has already proved fruitful with the creation
of high-quality electronic devices,**! that has enabled the observation of several
physical phenomena including Hofstadters’ butterfly,*#*4 topological currents,*” and

even unconventional superconductivity.=°

2.4 Optoelectronic Devices

Figure |2.8 shows a number of optoelectronic devices based on 2D materials. These
include those based on a single material where the active area could be confined to

interfaces with metal electrodes or extended to encompass the entire channel, Figure
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Figure 2.8: Optoelectronic device structures. (a) Homogeneous channel ma-
terial (upper) can be doped (e.g. chemically) to create junctions within material
(lower). (b) Two atomically thin materials combined as lateral (upper) or vertical
heterostructures (lower) form the channel. Side view of structures shown on left,
top view on right. The dashed lines indicate the active area which can be confined
to the contacts (dotted line).

2.8a. Through localised electrical or chemical control of doping, interfaces can be
formed and dynamically controlled within the material creating, for example, pn-
junctions - an essential optoelectronic device. Combinations of two or more materials
allows the creation of heterostructure devices in which the interfaces are lateral or

vertical. Large active areas can be achieved in the latter as shown schematically in

Figure 2.8p.

2.4.1 Figures of Merit

To make a comparison of the different types of photodetectors as well as the choice of
photoactive material one first needs to explain the different terminology used, discuss
the spectral response of the device, and provide standardized figures of merit. Here,
the most relevant figures of merit are discussed.??3? The basic measurement princi-
ple of a photodetector is recording the electrical response to an optical signal which
can vary in power, wavelength, and modulation frequency. The electrical response to
these variations depends on the photoactive material and the photodetection mecha-

nism. Typically the entire device can be illuminated, known as flood illumination, or
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Table 2.1: Common figures of merit for photodetectors

Metric Symbol Equation® Units
External Quantum Efficiency 7., EQE (Lpe/q)] Pin -
Internal Quantum Efficiency  7;, IQE (Lpe/ Q)] Pabs -
Gain G utE/L -
Responsivity R Lpe/ Popt A/W
Bandwidth (-3 dB) J-3dB ~ 0.35/7 Hz
Noise Equivalent Power NEP Sa/R W/vHz
Detectivity D* VA/NEP cmy/Hz/W
Linear Dynamic Range LDR 10 x log,o(Psat/NEP) dB

¢ Unless other units specified; I,,. = photocurrent, ¢;, = incident photon flux, ¢gss
= absorbed photon flux, ;i = free carrier mobility, 7 = photoexcited carrier
lifetime, £ = electric field across channel of length L, P,,;/A = ¢;,hc/\ = optical
power density, A = device area, S noise spectral density (current), Py, =
saturation power.

regions locally illuminated under a focussed beam. To experimentally determine the
spatial origin of the photoresponse a laser is often used to illuminate at sub-micron
scales in techniques such as scanning photocurrent microscopy (SPCM).

Table provides a summary of the key figures of merit. The external/internal
quantum efficiency (EQE/IQE) describes the number of electrons extracted at the
electrodes per incident/absorbed photon. For efficiencies greater than 1 a gain (G)
mechanism is required. This requires an imbalance between the mobile carrier transit
time and trapped carrier lifetime (7). The transit time (¢, = L/uFE) is the time
taken for a carrier with mobility p to travel between electrodes separated by a
distance L under an applied electric field E. Responsivity (R = I,./P,y) is the
ratio between photocurrent and incident optical power, measured in units of A/W.
The -3 dB bandwidth is the modulation frequency at which the output power drops
by 1/2. This can be used to estimate the response time of the device using f_3;p ~
0.35/7. Noise is present in all electronic devices. To quantify this the noise spectral
density (Sa(v)) is acquired by taking a Fourier transform of the current (voltage)
over a given time interval. In photodetectors the Noise Equivalent Power (NEP =
Sa/R) is defined as the optical power that gives a signal-to-noise ratio of 1 (at 1
Hz bandwidth). As the NEP scales with the square-root of device area (A) the
specific detectivity is used, D* = \/Z/N EP. Generally it should be specified at
which wavelength and modulation frequency these values are reported. Finally the
linear dynamic range is the decades over which the electrical response is linear with
optical power. Defined as LDR = 10 x 101og,y(Psat/N EP) where Py is the power

at which the response deviates from this linearity.
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Figure 2.9: Photodetection mechanisms. Photovoltaic (a), photothermoelectric
(b) and photogating (c) effects. AT is electron temperature, Sy o are Seebeck coef-
ficients, E'r Fermi level, C N P charge neutrality point, CB (V' B) is the conduction
(valence) band level.

2.4.2 Origin of Noise

Noise is omnipresent in all measurements and manifests from a number of different
mechanisms. Johnson or thermal noise arises due to random motion of charge car-
riers which for a resistor (R) at temperature (T) is S, = 4k,TRA f, where Af is the
bandwidth over which the noise is measured. This is present in the absence of cur-
rent flow. Flicker noise, also known as 1/f or pink noise, has a power dependence on
the inverse of frequency (i.e. 1/f). The physical origin of 1/f noise is unclear though
it is usually found at f < 100 kHz. This is the dominant source of noise in grap-
hene.* In semiconductors free carrier densities constantly fluctuate through various
generation and recombination (G-R) processes. G-R noise typically originates from
inter-band or trap state transitions.®” Shot noise is the random fluctuations in the
number of electrons or photons because of their discrete nature, 1%, , = 2qIAf. Ot-
her sources often dominate over shot noise with exceptions found in measurements

at high frequencies and low temperatures.

2.5 Photodetection mechanisms

To create atomically thin photodetectors the mechanisms behind their photo-detection
must be understood. In this section the main detection mechanisms for graphene-

based photodetectors are outlined which can be readily extended to TMDs.

2.5.1 Photoelectric effect

In the photoelectric effect to generate a photocurrent charge carriers have to be
photoexcited, separated and extracted at the electrodes. This separation occurs at
built-in electric fields provided by a difference in doping between regions, Figure

2.9p. These can be created at pn-junctions within graphene or at metal-graphene
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interfaces. Subsequent extraction occurs either through diffusion in short-circuit
configuration or by applying an external source-drain bias.*!' In the literature sur-
rounding graphene-based photodetectors this is also known as the 'photovoltaic ef-
fect’.

2.5.2 Photothermoelectric Effect

At a junction between two materials with different Seebeck coefficients a voltage
is generated when the materials are held at different temperatures.#? In graphene
absorption of light creates a population of hot carriers with a temperature above
that of the lattice. When illuminating an interface between two regions with diffe-
rent Seebeck coefficients (S572) a photovoltage is generated (AV), see Figure .
Therefore:

AV = (Sy — Sy)AT, (2.14)

where the sign is dictated by either gradients. This is known as photothermoelectric
effect (PTE). The Seebeck coefficient can be expressed using the Mott relation*#44:
T kT, 9o(E) _ 2n%kpT,

= = — 2.1
5 Beo(p) OFE |g_p, 3¢Tr (2.15)

where T, is the electron temperature, Tp = Ep/kp the Fermi temperature, ¢ the
electron charge and kp the Boltzmann constant. Equation assumes that the
mobility is independent of Fermi energy Er. The Seebeck coefficient can be tuned
with gate voltage reaching S ~ 100pV K™! at room temperature,*® with the sign
determined by whether the charge carriers are electrons or holes.“

In steady-state conditions the energy given to hot carriers is P, oc C},T}, where
P, is the incident optical power and C}, the heat capacity, which scales as Cj, o< T7.
The supercollision model of hot carrier cooling in graphene predicts a photocurrent

power dependence of:4047

2
]PTE X (Popt)g . (216)

Equation [2.16] assumes that hot carriers thermalise at temperatures far greater than
the lattice temperature (7;), T, > T;. In principle measurement of this power
dependence could be used to determine the photogeneration mechanism. However
at room temperature this assumption often breaks down (as 7, — 7} < T;) and
the exponent becomes ~ 1.4947 Correct determination of the PTE effect requires
independent electrostatic control of carrier concentrations in two regions. From this
a distinctive six-fold photocurrent pattern is observed corresponding to p-n, p-p’,

p’-p, n-p, n-n’ and n’n junctions.*®
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2.5.3 Photogating Effect

To increase the absorption of graphene-based photodetectors a semiconducting ma-
terial is placed in close proximity to the graphene channel. Upon illumination a
photoexcited charge carrier is transferred from the semiconductor to graphene. This
changes the carrier density in the graphene FET which manifests in electrical me-
asurements as a shift in the charge neutrality point (Vonp) - effectively a photo-
activated gate, hence the name. Such a system can be treated as a photoconductor
with distinct light-absorbing and current-carrying regions. The photocurrent (I,.)

flowing in a device of area A = WL and thickness D is described by:4*
I. = (cE)WD = (qunE)W D, (2.17)

where o is the conductivity, E the electric field across channel and g the mobile
carrier mobility, with the following definition for the number of photogenerated

carriers (n);

Py /h
n— %, (2.18)

which includes the number of incident photons (P, /hv), quantum efficiency (n)
and recombination rate (1/7). By using the earlier definition of responsivity (R =

Lc/ Pypt) we arrive at:

e () (5E) - ()

The responsivity of a typical hybrid graphene photodetector depends on 3 terms:
the first is comprised of physical constants whilst the second and third terms relate
to the quantum efficiency and gain of the system respectively, both of which need
to be maximised.

Light will be absorbed by a semiconductor if the incident photons have energy
greater than the band gap (hv > E,). In this case electron-hole pairs are generated
which form an exciton with an intrinsic efficiency, (74e,) that relates to the absorp-
tion coefficient of the material. To create free charges the Coulomb force between
electron and hole must be overcome. This can happen under the influence of large
electric fields or due to thermal energy and this process has an associated efficiency
term (74;s5). Charges are transferred between semiconductor and graphene in the
presence of a potential barrier at the semiconductor-graphene interface or from a
charge trapping mechanism in the semiconductor. In addition clean interfaces are
required for efficient charge transfer (9y.4,s). Therefore the quantum efficiency can

be split into three terms:

N = NgenNdissMtrans (220)
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Applying a bias voltage to the graphene channel allows the transferred charge to
be extracted at the drain contact. To preserve electrical neutrality a charge must be
simultaneously injected at the source. This process of charge recirculation can occur
multiple times before eventual recombination with the trapped charge which we can
identify as the gain term in equation [2.19] To achieve the largest gain the ratio
between the trapped carrier lifetime (7) and free carrier transit time (¢, = L/uFE)

must be maximised:

T

B ttr.

G (2.21)

Long-lived charge trapping is achieved by the spatial separation of photoexcited
charges across the interface as explained above. Clearly the magnitude of 7 provides
the limit on the photodetector response time and as such there is a trade-off bet-
ween gain and bandwidth. To minimise the transit time we require a high mobility
channel, short electrode spacing and large electric fields. Graphene is the most pro-
mising material to achieve these conditions because of the unique situation in which
an ultra-high carrier mobility can be accessed at the surface with micron scaled

devices readily fabricated using standard electron-beam lithography techniques.

2.6 Literature review of graphene-based photode-

tectors

Given the rapid progress in the field of graphene-based photodetectors it is worthw-
hile to present a summary of the available literature. Figure presents several
plots each of which compare two key figures of merit from Section [2.4.1 The data
for this figure can be found in Table (Appendix [B) and was acquired from jour-
nal papers published between 2010 and 2017. Figure shows a comparative
plot of responsivity against bandwidth. Pristine graphene photodetectors have been
shown to operate at GHz frequencies though their responsivity is limited by low
absorption.”” Increased responsivities are reported for both chemical functionali-
sation and by combining with semiconducting materials - although this is at the
cost of bandwidth. The low NEP in graphene-hybrid detectors results in a system
with large LDR and high responsivity, Figure 2.10b. A large LDR can be achie-
ved in functionalised graphene photodetectors although these typically have a lower
responsivity. In terms of spectral response, Figure 2.10c shows that both type of
detectors are suited to a very wide range of incident photon energy. Interestingly
GO photodetectors are capable of detecting light from UV to THz energies in spite
of their generally poorer performance.

Due to their atomically thin nature graphene-based photodetectors are promi-

sing for next-generation flexible and wearable electronics. Furthermore they could
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introduce functionalities not available in bulk semiconductors such as polarisation
sensitivity and strain tunable response.?! Hybrid graphene photodetectors can al-
ready outperform conventional CMOS based technology with a spectral range that
extends into the MIR. As more than 2,000 layered materials have been identified so
far optoelectronic devices based on two-dimensional materials and their heterostruc-

tures will be a rich topic of investigation for many years to come.
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Figure 2.10: Literature review of graphene based photodetectors and com-
parison of performance (a) Responsivity vs bandwidth and (b) LDR vs responsi-
vity for functionalised (filled symbols) and heterostructure (open symbols) graphene
photodetectors. (c) Measured operational wavelength for different graphene-based
photodetectors. Points are fixed wavelength whereas lines represent spectral scans.
The number associated with each point relates to the reference found in Table
(Appendix [B|) where the complete data set can be found. NP = nanoparticles, 2D
= TMD heterostructures.
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Experimental techniques

NOTE: Some of the ideas and data presented in this Chapter have been the subject of the following
publication: Nowel circuit design for high-impedance and non-local electrical measurements of two-
dimensional materials. Review of Scientific Instruments 89, 024705 (2018). Adolfo De Sanctis,
Jake D. Mehew, Saad Alkhalifa, Callum P. Tate, Ashley White, Adam R. Woodgate, Monica F.
Craciun, and Saverio Russo.

J. D. Mehew fabricated the graphene devices and contributed to the writing of the manuscript

associated with this chapter.

3.1 Introduction

The growing interest in the fundamental science and applications of two-dimensional
materials and their heterostructure has arisen largely due to the ease at which these
systems can be prepared. Mechanical exfoliation of bulk crystals with adhesive tape
and subsequent transfer to substrates has been crucial to the rapid prototyping of
devices based on 2D materials. This simple process has been refined over the past

decade to increase the yield and lateral size of exfoliated flakes.

3.2 Fabrication of 2D heterostructures

The thinning of bulk crystals can be achieved with a combination of tapes each
with different properties. For example, high tack tape can readily cleave TMDs
whilst water soluble tape is necessary for producing the clean, residue free interfaces.
Appropriate preparation of the substrate is also necessary to facilitate the transfer
of crystals from the tape. Typically, an O, plasma and heat treatment are used to
enhance the adhesion between atomically thin crystals and the target substrate,!
however care must be taken not to over-functionalize the surface such that the
electronic properties of the crystal are adversely affected. This approach provides
a reliable way to produce large area graphene and hBN on SiO,. For TMDs it
has been found that exfoliation onto PMMA (Poly-methyl methacrylate), PDMS

29
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(Polydimethylsiloxane), or PPC (polypropylene carbonate) has a greater success
rate than onto SiO,.

Aside from increased flake yield, exfoliation onto polymers additionally allows the
creation of heterostructures through layer by layer assembly of exfoliated crystals,
known in this thesis as the ’dry transfer technique’.* Crystals are brought into
close proximity to one another and adhere through van der Waals interactions. This
lamination has an intrinsic self-cleaning mechanisms where contamination, typically
hydrocarbons,? collects into bubbles leaving the rest of the interface contamination
free.

In this thesis, PMMA has been used as the transfer scaffold because it leaves
less residue than PDMS, is readily available (from use as resist in electron-beam
lithography), and can be easily removed in acetone (unlike PPC which requires

chloroform). 3

3.2.1 Dry transfer technique

The dry transfer technique allows the layer by layer assembly of heterostructures.
In this way complicated structures can be formed with atomically thin crystals.
Figure [3.1| a shows the steps required to prepare a stack of atomically thin layers:
A bulk crystal is thinned using electronic grade semiconductor tape. Thin flakes
are mechanically transferred onto a polymer assembly (PMMA /PVA, 400/400 nm)
at a temperature of 110°C. After identifying the appropriate flakes (i.e. lateral
size and thickness) under an optical microscope, a ring (d ~5 mm) is scored in the
PMMA /PVA with sharp tweezers under a low magnification objective (x5). Using
fined-tipped tweezers DI water can be dropped into the score dissolving the PVA.
The hydrophobic nature of Si and PMMA draws the water to the centre of the scored
ring, detaching the PMMA from the Si substrate. Immersing the Si/PVA/PMMA
stack in DI H,O allows the membrane to float on the surface of the liquid whilst
the Si substrate is removed. Subsequently, the membrane is scooped out with the
transfer arm, essentially a PMMA coated washer stuck to a metal plectrum, and
baked on a hot plate for 10 minutes at 90°C to improve conformity between the
two.

To align the membrane and target crystals two translation stages are used, one
with the transfer arm capable of motion in the X, Y and Z directions as well as
about the pitch and yaw axes, see Figure [3.1b, and the other with the target crystal
capable of X', Y’" and 6 (rotational) motion. These stages are mounted under a
long-working distance objective complete with a beam-splitter combining a CCD
camera and fibre-coupled white light source. Both the illumination and detection
lines are equipped with colour filters used to enhance the contrast of atomically thin
materials.”

This technique can be used in two ways: to deposit a flake from PMMA to a
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2D crystal

Target crystal

P

/
T (°C)
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Figure 3.1: Dry transfer technique (a) Flake exfoliation and membrane prepa-
ration process, see main text for details. (b) Schematic of stacking set-up. The 2D
crystal on membrane can be translated in the XY, Z, pitch and yaw axes to align
with the target crystal. This is fixed on a temperature controlled rotational stage
(X',Y",0). The flake peel (c) and pick-up (d) ways of fabricating heterostructures.
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Figure 3.2: Encapsulated graphene FET (a) Optical images of fabrication pro-
cess. From top to bottom: heterostructure under red illumination, contact design
after plasma etch (CHF;:0,), device with Cr/Au (15/50 nm) leads. (b) Mobility
(1) and contact resistance (R.) as a function of carrier density. (c¢) Non-local me-
asurement in magnetic field with (lower) and without (upper) optocoupler circuit
demonstrating the removal of spurious signals. Upper inset shows device after final
etch. Reused under Creative Commons License (CC-BY 4.0).9

substrate (Figure ) or to pick up additional flakes onto the PMMA flake before
the final transfer step (Figure[3.1d). The former case is used to transfer TMD flakes
from PMMA to SiO,/Si whilst the latter can be used to encapsulate flakes in hBN.

3.2.2 1D Contacts

The carrier mobility of graphene on SiO, is known to be limited by scattering from
charged impurities, surface roughness and SiO, optical phonons.” On the other
hand hBN is an atomically thin dielectric, lattice matched to within 1% of grap-
hene, with minimal charge traps and high energy optical phonons. This makes it
an ideal substrate for high mobility graphene devices, with mobilities approaching
those of suspended devices.® Furthermore graphene can be encapsulated in hBN
(hBN/SLG/hBN) isolating it from external sources of contamination. By plasma
etching through the structure a single edge of graphene can be exposed due to the
different etch rates of hBN and graphene. Unlike typical fabrication routes where
the metal is deposited on top of graphene here the electrical connection is formed by
a one-dimensional edge contact.? In this geometry the room temperature mobility

of graphene reaches its maximal value limited by acoustic phonon scattering.”?
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Figure illustrates the fabrication process for such a geometry. The hBN
/SLG /hBN heterostructure was created using the dry transfer technique and electron-
beam lithography was used to define the contact area before dry etching (CHF,:0,
plasma) and metallization (Cr/Au 15/50 nm). Finally the device was dry etched into
a Hall bar geometry. The mobility was extracted using the Drude model from an AC
lock-in measurement of the conductivity whilst the carrier density was modulated
using the hBN/SiO,/Si*™ gate, Figure . At carrier densities relevant for most
applications (n > 1 x 10 cm™2) the mobility exceeds yu = 40,000 cm? V=15~ and
the contact resistance R, is less than 500 Qpum™~!. This high quality heterostructure
was used to test a novel circuit built for high impedance and non-local measure-
ments, Figure -

3.3 Raman spectroscopy

Raman spectroscopy is an optical technique in which light is used to probe the
properties of a material. Over the last 80 years the vibrational and rotational modes
of molecules have been catalogued providing the scientific community with a non-
destructive detection and identification technique. Similarly, in solid state physics
the fingerprints of collective oscillations of atoms, i.e. phonons, have been used to
characterise materials.

In this technique an absorbed photon will excite an electron from an occupied
state, such as in the valence band to an unoccupied state, which could be a sub-gap
virtual state or a real state above the conduction band. Upon relaxation a photon
of a different energy is emitted due to inelastic scattering. The system is now in
a different vibrational state either higher (Stokes) or lower (anti-Stokes) in energy
than the initial state. The Raman shift (Aw) is the difference in energies between

these states and can be expressed as

1 1
Avw=——-——]. 3.1
o= (5-%) 31
Normally the Raman shift is reported in units of reciprocal centimetres Aw[cm™|
and so we can modify Equation [3.1] to:

Awfom™] = (Ao[ilm] B Al[im]) i

In the following sections the theoretical explanation for this shift will be presented

(3.2)

cm

from both a classical and quantum viewpoint.
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Figure 3.3: Energy level diagram for infra-red (IR), normal and resonance Raman,
and photoluminescence spectroscopy. The Raman transitions include Rayleigh (R),
Stokes (S) and anti-Stokes (A) processes. E, and 2, are the electronic and vibra-
tional energy levels respectively whilst w (£2) is the photon (phonon) frequency.

3.3.1 Classical theory of Raman spectroscopy

In the classical theory of Raman spectroscopy the system is treated as a diatomic
molecule which has various vibrational and rotational degrees of freedom. Upon
excitation a dipole is formed which interacts with these vibrational or rotation states.
Therefore, in a solid crystal we can use the same argument as a diatomic molecule,
with added simplicity from the absence of rotational states.

If a molecule is irradiated by an oscillating electromagnetic field of the form
E = Eycos(wt), e.g. by means of a laser beam, an electric dipole moment P will be
induced: %"

P=a&E (3.3)

where & is the polarisability tensor of the molecule. If the molecule is vibrating at

a frequency 2 the vibration coordinate @ can be expressed as:
Q = Qo cos(). (3.4)

The polarisability can be expressed as a function of () which in the harmonic (1st

order) approximation becomes:

& =dg+ (g—g) Q. (3.5)

Combining equation [3.3| with equations [3.4] and and making use of trigonometric
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identities the following expression is obtained:

e/l
I

cos(wt)

) GoFy cos {(w — )t}

+
N~ N g>
BN RS

+

7~ N~

) Qo Eo cos {(w+ )t}

(o))
Q)

Equation has three distinct parts to it; the first is Rayleigh scattering where an
oscillating dipole radiates light at a frequency w, whilst the second and third terms
describe the inelastic (Raman) scattering at a frequency of w— € (Stokes) and w+Q
(Anti-Stokes), which can be seen schematically in Figure [3.3] Clearly, the light can
only be scattered by a phonon mode if (8& / 8@)0 is non-zero. The modes which
will be active can be determined through group theory, optical selection rules, and

symmetry rules.™V

3.3.2 Quantum theory of Raman spectroscopy

In the quantum description of the Raman process the oscillating dipole approach
is neglected in favour of one involving the quantum transition of an electron from
an initial to final state upon interaction with the electromagnetic (EM) field. This
transition probability per unit time (W,,) is calculated in the time-dependent per-

turbation framework using Fermi’s golden rule:
~ 2T 2
W,, = - | Hont |7 p(Em), (3.7)

where H is the perturbed Hamiltonian and p(E,,) the joint density of states. The
Born-Oppenheimer approximation has been applied to the Hamiltonian describing
the system. In this way the eigenfunctions of the electronic and vibrational states
are separated. For this system, energy and crystal momentum must be conserved
which requires:

hw, = hw; £+ h$2,

(3.8)
hks = hk; 4+ hQ,

where w; (w;s) is the incident (Raman) photon frequency, € the phonon frequency,
k; (ks) the incident (Raman) photon wavevector and () the phonon wavevector.

A notable difference between the classical and quantum theories is the explana-
tion of the intensity of the Stokes and anti-Stokes emissions. Given the quantisation
of phonon energies, low energy states are more likely to be occupied than higher
energy states with the phonon population described by the Bose-Einstein distribu-

tion. As the Stokes (anti-Stokes) process creates (annihilates) a phonon the intensity
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Figure 3.4: Phonon dispersion in graphene The modes with in-plane (i) longi-
tudinal (L) and transverse (T) motions are much stronger than those out-of-plane
(0). Adapted with permission.’®

ratio arising from these processes is determined by normalization factors:1

:§-=:C@EW%BT, (3.9)

~ |

where C is a constant that accounts for the optical properties of the system. Rear-

ranging Equation the phonon temperature can be determined:

T = 1 (3.10)

@pnC—m(%ﬂy

This is not necessarily valid for high-energy phonons as the anti-Stokes scattering

may be dominated by a phenomenon known as Stokes-anti-Stokes (SAS) scatte-

ring.

3.3.3 Raman spectrum of Graphene

Raman spectroscopy has become ubiquitous in the study of graphene. Building
upon almost 50 years of research into the Raman spectrum of graphite, this powerful
tool can be used to determine the characteristics of phonons in graphene and reveal
information about the crystal including the presence of defects,*? degree of doping™?
and number of layers."'4

Graphene has 6 phonon branches: 3 acoustic (A) and 3 optical (O), Figure 3.4}
The modes with in-plane (i) longitudinal (L) and transverse (T) motions are much
stronger than those out-of-plane (o). The 2 atoms in the unit cell of graphene result
E,,, Ey,. Both the

out-of-plane B,, and in-plane E,, modes are doubly degenerate with the latter mode

in six normal modes at the Brillouin zone centre (T'): A, , B

2g) 1w



w
J

CHAPTER 3. EXPERIMENTAL TECHNIQUES

a b G
iTO
¢ T\iLO
-
= w,
«
N
= "
(7]
c
(]
=
= ® Electron (e)
@® Hole (hY)
Incident photon (w,)
Raman photon (w,)

1200 1500 2400 2700 3000
Raman Shift (cm™)

--------- Phonon scattering
vvvvvvvvvvvvvvvvvvvvvv Defect scattering

Triple resonance

Figure 3.5: Raman spectra and phonon processes in graphene (a) Raman
spectra of pristine (upper) and defective (lower) graphene. Measured data black
spheres, Lorentzian fit coloured lines. Inset show atomic modes of A, and E,,. (b)
Main phonon processes in SLG. Incident (scattered) photon shown in blue (red).
Scattering from phonons (defects) are shown with dashed (dotted) lines. Electrons
and holes are represented by red and blue spheres respectively.

Raman active.10

Raman spectra of monolayer graphene are shown in Figure |3.5h. The phonon
displacement pattern for the Raman active A,, (K) and E,, (I') modes are also
shown. In Figure [3.5h, a number of distinct peaks are observed, each fit with a
Lorentzian profile. The G peak comes from the iTO and iLLO phonon modes located
at the I' point whilst the D peak comes from iTO phonons around K, see Figure
3.5b. Breathing modes of the six atom ring are responsible for the D peak which
only appears in the presence of defects shown by the dotted lines. The D’ is the
intra-valley equivalent of the inter-valley D peak and again is defect activated. The
lower spectrum in Figure comes from a fluorinated graphene monolayer. In this
material fluorine atoms are covalently bonded to the out-of-plane electronic orbitals
of the carbon atoms in graphene. Contrasted with the upper pristine spectrum the
D and D’ peaks are now observed due to this disruption to the pristine crystal. The
2D peak is the D peak overtone however no defect is required for activation due to
the dual phonon process providing conservation of momentum.

A single Lorentzian can be used to fit the 2D peak of single-layer graphene (SLG)
however for bilayer graphene (BLG) multiple Lorentzians are required, Figure [3.6h.
Due to the interlayer interaction both the conduction and valence bands split in two
but of the four bands only two are coupled to the incident light. Furthermore two
TO phonons can couple to all four bands resulting in four processes contributing to
the four peaks that form the 2D peak in BLG Figure [3.6b.19
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Figure 3.6: Bilayer graphene Raman (a) 2D peak of single-layer graphene (SLG),
bottom, and bilayer graphene (BLG), top. (b) Phonon processes contributing to the
2D peak in BLG.

Influence of doping and strain on the Raman spectrum of graphene

The 2D nature of graphene means that (i) the number of charge carriers can be
modulated over several orders of magnitude in FET geometry and (ii) high levels
of mechanical strain can be induced. The latter will clearly modify the phonon
frequencies due to changes in lattice constants whilst the former induces changes
due to non-adiabatic electron-phonon coupling and chemical bond modification.*”
Often doping and strain are induced at the same time for example as a con-
sequence of fabrication or annealing processes and separation of the two typically
requires the independent characterisation through complementary techniques such

8 a method for

as electrical measurements. In the work of Ji Eun Lee and colleagues,!
the decomposition of strain and doping contributions to the changes in the Raman
peak positions was presented.

Figure 3.7 show spatially resolved maps of the G peak position for graphene on
SiO, before (a) and after (b) annealing at 400 °C which results in an up shift of the
average G peak position by 25 ecm™!. The 2D peak is also shifted after the anneal
without the emergence of the D peak, Figure [3.7c. Interestingly, a correlation bet-
ween the peak positions is revealed by plotting the G and 2D frequencies measured
at each spatial location, Figure |3.7d.

A strain and doping free reference point (O) was acquired from free-standing
graphene from which the predicted behaviour under random uni-axial strain is plot-
ted, dashed black line Figure [3.7d. The data from as-exfoliated samples agree well
with this and indicate that graphene on SiO, is subject to tensile strain. Influ-
ence of hole doping is shown by the dashed magenta line. Upon annealing the data
points now reveal an increase in hole doping as well as a change from tensile to
compressive strain. This can be understood in a simple vector model:'® For any set

of wep,weq, the vector OP can be decomposed into the strain/doping free direction

OH/OT with unit vectors ey /et (tensile) and —er for compressive strain. These
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Figure 3.7: Spatial Raman maps of G peak position for pristine (a) and annealed (b)
samples. (¢) Comparison of full spectrum for pristine (black) and annecaled (red).
(d) Correlation between G and 2D peak positions for pristine (+) and annealed
(x) samples. Inset shows vector decomposition of doping and strain. Reused with
permission.IEI

unit vectors are known from previous works to be:

er = (Awyp/Awg) €™ =22 4 (0.2,

(3.11)
ey = (Awap/Awg) n"® = 0.70 £ 0.05.

This allows for the measurement of strain in graphene devices providing that the
change in doping, if any, arises due to holes. Analysis with electron doped samples
becomes more complicated due to increased non-linearity at high carrier concentra-

tions.

3.3.4 Raman spectrum of TMDs

The atomic structure of transition metal dichalcognides (TMDs) has greater com-
plexity than graphene due to the M-X-M (metal, chalcogen, metal) arrangement. As
such these system exhibit a rich variety in lattice dynamics with a layer dependence
of the symmetry, force constants and peak frequency.?

Bulk MX, has six atoms in the unit cell which gives 3 acoustic (A) and 3N —3 =
15 optical (O) phonon modes. From the D¢, point group symmetry of MX, the

lattice vibrations at the I' point can be expressed as:2%

['= A, +2Ay, + 2By, + By, + Ejp + 2B, + 2By, + By, (3.12)

where one of the A, and E,, modes is acoustic whilst the other is IR active. Both
B,, modes are inactive, as are the B, and E,, modes. The Raman active modes
15 E1g and both E,,. Figure shows a schematic of the atomic motions

associated with these modes (a) and the correspond Raman peaks for few-layer

are A
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Figure 3.8: Bulk MX, Raman active modes (a) From left to right: A
Ej, and E3, modes. (b) Raman spectra of few-layer MoS,.
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MoS, (b). The lack of translational symmetry in few-layer TMDs means that even

and odd numbers of layers possess different modes due to their symmetry.

3.4 Optoelectronic characterisation

To characterise the properties of the optoelectronic devices presented in this thesis
a number of techniques have been employed. Central to the majority of these is
the hybridisation of an upright microscope (Olympus BX-50) with automated x-y-z
stage (Prior Scientific) and spectrometer (Princeton Instruments SP2500). White
light illumination is provided by an LED whilst a multichannel laser bank provides
coherent light from UV to NIR (A = 375,473,514,561,685 nm), see Figure .
Simultaneous electrical measurements are possible with use of an integrated PCB
and BNC breakout box. A custom-developed vacuum chamber compatible with
the existing stage/microscope assembly allows the characterisation of materials and

devices in vacuum and/or under controlled atmosphere (Figure ,c).

3.4.1 Scanning Photocurrent Mapping

Scanning Photocurrent Microscopy (SPCM) allows the spatial mapping of the pho-
tocurrent signal. A laser beam is focussed onto the sample and the resultant pho-
tocurrent recorded as a function of position. The diffraction limited spot size and
10 nm resolution of the stage allows the local photoconductivity to be mapped out

with sub-micrometer precision.
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Figure 3.9: Integrated microscope set-up (a) Schematic of integrated microscope
capable of scanning photocurrent mapping, Raman, photoluminescence (PL) and re-
flection/transmission measurements. Light sources include lasers, LEDs and bulbs.
Simultaneous electrical measurements are possible due to integration of PCB cir-
cuitry into light-tight enclosure (dot-dashed line). Abbreviations: mirror (M), ki-
nematic mirror (M,,), half-wavelength plate (A/2), beam expander (BE, followed
by magnification), drop-in filter (DiF), beam splitter (BS, dichroic in red), Pola-
riser/ Analyser (Pol.), white light (WL), voltage (V) or current (I) sources/meters,
flip mirror (FM), sample holder (PCB), photodetector (PD), condenser (Cond),
microscope objective (Obj), imaging camera (Cam), spectroscopy camera (CCD),
ground line (GND). Reused under Creative Commons License (CC-BY 4.0).%Y (b)
Photo of vacuum chamber (P,;, < 10° mbar) developed by Gareth F. Jones with
assistance from the author for characterising air sensitive materials. (c¢) Placement
under microscope assembly.

3.4.2 Luminescence

Luminescence spectroscopy probes the radiative recombination of materials either
under optical (photo-luminescence) or electrical (electro-luminescence) excitation.
Due to the direct band gap and large exciton binding energy of monolayer TMDs
strong light emission can be observed even at room temperature. As such these

materials are promising for light-emitting applications.

3.4.3 External Quantum Efficiency

A separate set-up was used to characterise the external quantum efficiency, spectral
responsivity, and transient response of various photodetectors. These measurements
were performed in a custom built vacuum chamber (10~ mbar) using a xenon lamp,
monochromator, and collimating optics (Oriel TLS-300X), to provide a spectrally
tunable incident light source. Neutral density (ND) filters and a motorized chopper
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Figure 3.10: Schematic of EQE set-up Xenon lamp and monochromator provide
spectrally tunable light source whilst a chopper wheel and neutral density (ND)
filters modulate and attenuate the signal. A photodiode (PD) is mounted on a
linear actuator (M). The sample is placed in a vacuum chamber (P, < 107°
mbar) capable of in-situ annealing and housed inside a light-tight enclosure (dashed
lines). A vacuum feedthrough connects the sample to the electrical measurement
equipment. The equipment is automated by using a PC to control and read data
from the monochromator, chopper wheel, photodiode and equipment.

wheel are used to attenuate and modulate the incident signal, respectively. Power
calibrations were initially performed with a ThorLabs PM320E power meter equip-
ped with a S130VC sensor and monitored in between measurements by a Thorlabs

FDS1010 photodiode mounted on a linear actuator, see Figure [3.10]
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Hybridised graphene photodetectors

NOTE: The ideas and data presented in this Chapter have been the subject of the following
publication: Fast and Highly Sensitive Ionic-Polymer-Gated WSy-Graphene Photodetectors. Ad-
vanced Materials 29, 1700222 (2017). Jake D. Mehew, Selim Unal, Elias Torres Alonso, Gareth
F. Jones, Saad Alkhalifa, Monica F. Craciun, and Saverio Russo.

J. D. Mehew participated in device fabrication, undertook all experimental measurements, analy-

sed/interpreted all data, and wrote the manuscript associated with this chapter.

4.1 Introduction

The use of two-dimensional (2D) materials in optoelectronic devices has the poten-
tial to supersede current state-of-the-art technology by added functionalities, such
as mechanical flexibility and ease of integration onto textile fibres, enabling the de-
velopment of new wearable electronic applications.” Graphene transistors have been
shown to operate as high-speed photodetectors® with response times comparable
to conventional silicon-based devices, but the absence of a band gap and lack of
significant gain mechanism limits its use for ultra-sensitive light detection. Hybrid
structures of graphene with semiconductor materials such as quantum dots,**® chlo-
rophyll molecules,” and MoS,*" have been shown to enhance light absorption and
provide an internal gain mechanism. However, these implementations typically have
a limited operational bandwidth of less than 10 Hz which hampers their use in real
world applications.

Slow response times in these systems are produced by the long-lived trapping
of charges, often manifested as hysteresis in gate voltage sweeps. This has been
observed in organic, carbon nanotubes, graphene, and more recently in transition
metal dichalcogenide (TMD) field-effect transistors, and is typically attributed to

11514

unavoidable intrinsic and/or extrinsic charge traps, e.g. SiO, surface states and

atmospheric contamination. #3457 Ty reduce the impact of such traps, various

solutions have been explored including gate voltage pulses, 4819

20021

vacuulin annea-

ling, and ionic liquid gating.”#%3 Although ionic liquid gating has been utilised

45
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in WS, phototransistors®! and MoTe,-graphene photodetectors®?, the beneficial ef-
fect of polymer gating on the performance of photodetectors consisting of atomically
thin heterostructures has not yet been explored.

In this chapter, WS,-graphene heterostructure photodetectors with an ionic po-
lymer gate are investigated. A gate tunable responsivity up to 105 A W~ is demon-

A0 and surpasses

strated, which is comparable with other heterostructure devices,
that of graphene or TMD photodetectors by at least 4 orders of magnitude. These
devices reach a -3 dB bandwidth of 1.5 kHz, without the need for any gate pulse,
leading to sub-millisecond rise and fall times. The observed 10? fold increase of pho-
todetection bandwidth, when compared to other heterostructure photodetectors, is
enabled by the enhanced screening properties of mobile ions in the ionic polymer top
gate, which act to compensate the charge traps limiting the speed of previous devi-
ces. These devices have a detectivity D* = 3.8 x 10! Jones, which is approaching
that of single photon counters, and are able to operate on a broad spectral range
(400 - 700 nm). These properties make ionic polymer gated WS,-graphene photode-
tectors highly suitable for video-frame-rate imaging applications unlike previously

developed graphene-based heterostructure photodetectors, #95:710

4.2 Sample Preparation

Hybrid WS,-graphene photodetectors have been fabricated on p-Si/SiO, (290 nm)
substrates, where the doped Si serves as a global back gate. Few-layer WS, was
mechanically exfoliated from bulk crystals and transferred onto the SiO, substrate
by means of adhesive tape. WS, flakes with thickness between 2nm and ~50nm
were selected for further fabrication.

The growth of graphene by chemical vapour deposition was carried out in a cold-
wall furnace (Moorfield nanoCVD-8G) using a low-pressure CVD process following
an optimized growth process.?® Copper foils (Alpha Aesar, 99% purity, 0.025 mm
thick) were used as substrate. The furnace was pumped down to 0.1 mTorr and
then heated up to 1000°C at a rate of 10°Cs™!, in the presence of Ar and H,.
These conditions were maintained for 10 minutes to increase the copper grain size.
Subsequently, the Ar flow was suppressed and CH, introduced into the chamber,
to initiate the growth of graphene. The pressure was kept at 18 mTorr for 10
minutes during this growth stage. In the last processing step, Ar was introduced
into the chamber, after ceasing both the CH, and H, flows, whilst cooling at a rate
of 10°Cs™!. High quality graphene grown by chemical vapour deposition was then
transferred onto the WS, using a common PMMA-assisted wet transfer technique.®

Electrical contacts were defined by standard electron beam lithography, electron
beam deposition of Au (20 nm) and lift-off in acetone. Subsequently, conductive

graphene channels of widths ranging from 3 to 10 um and lengths 1 to 12 pm were
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Figure 4.1: Device schematic and Raman spectrum of the WS,-graphene
field-effect transistor. (a) Device schematic with electrical connections included.
A voltage (Vi,) is applied to the transparent ionic polymer (PEO + LiClO,) using
a gate electrode in close vicinity to the WS,-graphene photodetector. The chan-
nel (width W, length L) current Iy is collected whilst applying a bias voltage Vs
between the source and drain electrodes. Raman spectra of the WS,-graphene hete-
rostructure are shown for ranges of wavenumber relevant to (b) WS, and (c) grap-
hene. Peaks are labelled following Lorentzian fits to the phonon processes. Those
labelled * are resonant second order processes. Inset in (c) shows the spectrum
before baseline subtraction.

defined by means of O, plasma etching. In total 20 devices were fabricated and
measured. The length and width of the graphene channel were chosen to overlap
with the WS, flake and therefore prevent the ionic polymer from contacting the
WS,. The WS,-graphene devices were covered by a transparent ionic polymer,
lithium perchlorate poly-(ethylene oxide) (LiClO, PEO, 8:1 in methanol), which
serves as a top gate, see Figure 4.1h. This transparent top gate was prepared by
magnetic stirring poly-ethylene oxide (PEO) and lithium perchlorate (LiClO,), at a
ratio of 8:1 in methanol. After centrifugation, the deposition of the supernatant via
drop-casting was left to dry at room temperature.

Raman spectra were acquired using a 532 nm laser source with a spot size of

~1pnm and an incident laser beam power <40 npW to avoid overheating and damage
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to WS,-graphene. Photocurrent maps were recorded at room temperature in am-
bient conditions in a custom built set-up on an upright BX51 Olympus microscope.“"
The external quantum efficiency, spectral responsivity, and transient response mea-
surements were performed in a custom built vacuum chamber (10~® mbar) using a
Xenon Lamp, monochromator and collimating optics (Oriel TLS-300X), to provide
a spectrally tunable incident light source. Neutral density filters and a motorized
chopper wheel were used to attenuate and modulate the incident signal respectively.
Power calibrations were performed with a ThorLabs PM320E power meter equipped
with a S130VC sensor.

Raman spectroscopy is used for the characterization of WS,-graphene hete-
rostructures and reveals peaks in two well-separated regions, 200 cm~! < w < 450
em™! and 1200 ecm™! < w < 3000 cm ™! respectively. Lorentzian fits of the spectra
reveal the presence of several peaks, which originate from the Eq,, 2LA and A;, mo-
des of WS, (see Figure ).28 The E;, phonon mode is an in-plane displacement
of both sulphur and tungsten atoms, whereas, the A;;, mode is an out-of-plane dis-
placement of the sulphur atoms. The position of both modes shifts with increasing
numbers of layers, and their wavenumber difference changes with layer number.2%2
For the spectra in Figure [4.1k, a peak separation of 68.7cm ™! is indicative of a tri-
layer WS, flake. However this method becomes unreliable for flakes thicker than 3
layers. To avoid uncertainty atomic force microscopy should be used to accurately
determine flake thickness. The 2LA peak is a disorder activated overtone of the LA
mode, which is the in-plane collective motions of atoms in the lattice.”” Resonant
enhancement of this mode is observed because the photon energy used in acquiring
the Raman spectra lies close to the B exciton energy of WS,.%# This is consistent
with the broad photoluminescence peak located at ~3100 cm™!, attributed to the
direct electronic transition of WS,. After subtracting this photoluminescence peak
from the Raman spectrum the D, G, and 2D peaks of graphene are identified with
Lorentzian fits, Figure [4.1c.5% Previous works observed the half integer quantum
Hall effect in similar films - a clear indication of monolayer graphene.?Y Here the
FWHM of the 2D peak (20cm™') is used to verify monolayer thickness which is
essential for high-mobility electrical transport. At the same time, the observed low
D/G peak intensity ratio (~ 0.2) indicates a low defect density.“® Finally, the fact
that the measured Raman spectrum on the WS,-graphene heterointerface simply
is the sum of the individual spectrum for isolated WS, and graphene confirms the

formation of a van der Waals interface.

4.3 Ionic polymer gating

Figure shows the typical ambipolar electrical transport of graphene. Upon
applying a bias to the ionic polymer a stable electric double layer (see Figure [4.2p)
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Figure 4.2: Ionic polymer gated FET (a) Resistance (R) versus top gate voltage
(Vig). Insets show Fermi level position for different V;,. (b) Schematic of ionic
polymer gating mechanism. (c) Stabilisation time of ionic gate for AV, = £0.1V.
Resistance (d) and mobility (e) versus induced carrier density (n). (f) Resistance
(R) scaling with channel length (L) for width (V).

is formed at the interface with graphene without the occurrence of chemical reactions
within an electrochemical stability window, -3V < V,, < 3V. After each change
in V;, a stabilisation period (~ 10 minutes) is required to allow the ions to reach
their equilibrium position, Figure [f.2c. An extremely large gate capacitance easily
attained in ionic gated transistors (> 2 x 1079 F ecm™?) which allows the properties of
graphene to be probed at extremely high charge carrier densities > 10 c¢m—2/99%0
This is due to the ~ 2 nm Debye layer,“® which defines the effective thickness of
the polymer gate dielectric in comparison to ~ 300 nm typical of SiO,/Si. Most
importantly, the ions in the polymer are highly mobile and provide a significant
additional screening mechanism of charge impurities.””

For ionic gating the quantum capacitance of graphene becomes significant and
can therefore be no longer neglected when calculating the gate-induced carrier den-
sity (n):=8
Er g _ﬁ\vFL\/% + == (4.1)

V., =&
tg e +¢ Ctg’

where the influence of geometric capacitance (¢) and change in Fermi energy (Er)
on top-gate voltage are taken into account. For back-gated FETs ¢ > Fr/e and

the quantum capacitance term (Ep/e) can be neglected. Using values for Ci, =
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22x107%Fcm™2 and vp = 1.1 x 10°ms™? yields:

Vig(V) = 1.16 x 107 "/n + 0.723 x 10~ "n, (4.2)

where n is in units of ecm~2. This allows the conversion from top-gate voltage to

induced carrier density, Figure [4.2d.

To extract the mobility from the transfer curves, Figure [4.2l, the Drude model
has been used (0 = neu). The zero bias doping of graphene due to electron hole
puddles (ny ~ 10" cm™2) has been accounted for in the calculations of mobility.*
Figure shows a plot of the extracted mobility (u) as a function of top-gate
induced carrier density. In the high-doping regime (n > 5 x 102 cm~2) the mobility
is weakly dependent on carrier density as previously observed in samples dominated
by impurity scattering due to residual charge impurities.*Y Graphene is predicted to

1 at room temperature.? However

have an intrinsic mobility of g > 10°cm? V=1s~
values reported in literature often fall short due to a combination of different limiting
factors including the neighbouring dielectric medium and the presence of scattering
centres. For graphene on SiO, the room temperature mobility is limited to p ~
10* cm? V157! due to the scattering with substrate surface phonons. It is important
to consider that the graphene channel here is effectively separated from SiO, by WS,,.
As a result the influence of substrate phonons is expected to be minimal. Instead the
dominant limitation arises from the polycrystalline nature of the CVD grown films.
Charge carriers will be scattered at the grain boundaries leading to a reduction in
mobility and an increased 1/ f noise.*! These grain boundaries can be inferred from
the presence of a small D peak in the Raman spectrum of Figure [f.1c. By evaluating
the relative intensity of the D and G peaks a defect density can be estimated, np =
8.3 x 10°cm™2. A previous investigation into the correlation between defect density
and mobility revealed that for np ~ 10 cm=2 a mobility of 1 ~ 600 cm?V~—1s™!
was obtained.?? Indeed when contact resistance is taken into account, Figure [4.2f,
this is in excellent agreement with the final value of mobility (580 cm?V~1s™1)
highlighting the prominent role of grain boundaries on the electrical properties of

these CVD-grown graphene FETs.

4.4 Mechanism of charge transfer between WS,

and graphene

To determine the photo-responsive region of the fabricated WS,-graphene hete-
rostructure scanning photocurrent microscopy (SPCM) has been used. Here a fo-
cussed laser beam is rastered across the device and the photocurrent simultaneously
recorded for each position.?” Figure shows that in the short circuit configura-

tion (Vgs = 0 V) photocurrent generation is localised to the lateral interfaces of the
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Figure 4.3: Scanning photocurrent microscopy of heterostructure. Scanning
photocurrent maps of a large area (bulk WS,) device in short circuit configuration,
(Vas = 0 mV), (a) and under a source drain bias, (Vs = 5mV), (b). (c) Profile of
the photocurrent (I,.) taken along the dashed white line in (a) and (b).

device, such as the edges of Au contacts and the WS, flake, and changes in polarity
across the photo-responsive region. Upon applying a finite source-drain bias, a uni-
form photocurrent is generated over the entire vertical WS,-graphene interface, see
Figure 4.3b. This change can be seen more clearly in Figure which plots a line
scan for the two conditions.

To gain insight in the microscopic origin of the measured photocurrent and un-
derstand the role played by the ionic polymer gate on device performance, the
photoresponse of these structures is characterized in a vacuum chamber at finite
source-drain bias and under illumination with collimated light. Figure shows
an optical micrograph of the WS,-graphene heterostructure. Upon increasing top
gate voltage (Vi,) I,. increases until V;, = —2 V, at which point [,. reaches a peak
value of —18 nA, Figure . For V;;, < —2 V no further increase in I, is observed.
To explain the increased photocurrent under a gate bias the transfer curves (Vg5 =
10 mV) taken in both dark and light (600 nm, 200 uW cm™~2) conditions are exami-
ned, as seen in Figure [4.4k. Under illumination a reduction in the current (Aly)
is observed and this increases for more negative gate biases. This is expected when
the photocurrent generation mechanism is the photogating effect™ where absorption
of photons in WS, creates electron-hole pairs, which can be split at the interface
between graphene and WS,, with one charge carrier transferred to graphene and the
other remaining in WS,, as shown schematically in Figure[d.4d. The in-built fields at
the interface enable this separation and arise from the work function difference bet-
ween graphene and WS,. For V,; < V4. illumination of the heterostructure results
in an increase in resistance due to the recombination between electrons, generated in
WS, and subsequently transferred to graphene, and electrostatically induced holes
present in graphene. This manifests as a shift in the charge neutrality point (AVj)
to negative values, indicating n-type doping. Photogenerated holes remain trapped

in WS, and could be considered as a light induced gating potential.
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Figure 4.4: Characterisation of optoelectronic response and charge transfer
mechanism. (a) Optical micrograph of device. Scale bar is 16 pm. (b) Photocur-
rent (I,.) versus top gate voltage (V;,). (c) Drain current (/4) versus V4 in dark and
under illumination. (d) Schematic of charge transfer at WS, /graphene interface.

4.5 Spectral response of heterostructure

These devices display an energy dependent responsivity (R) when illuminated by
monochromatic light, see Figure [L.5h. More specifically, a photoresponse is only
observed for incident photons of energy greater than 1.8 eV, with the spectral profile
of responsivity consisting of four Gaussian peaks centred at 1.92 eV, 2.06 eV and 2.36
eV, with a broader peak at 2.97 eV also present. All of these peaks relate to different
electronic transitions in WS,, as illustrated in Figure £.5p. The sharp increase in
photoresponse around 1.9V is due to the A exciton.®® This exciton corresponds to
the electronic transition from the upper branch of the spin-split valence band to the
conduction band, and subsequent formation of a bound state between an electron
and hole. The peak at 2.1eV is the direct gap (E,) associated with the A exciton
and has been previously observed in photoconductivity measurements of VVSQ.M—ZI
In many semiconductors excitons can be described using a Wannier-Mott 2D
hydrogen model. %3 Although the applicability of this model to 2D systems can be
questioned because of the increased exciton confinement,? in this case it is found

that it serves as a reasonable approximation. From the model the binding energy, [,
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Figure 4.5: Characterisation of the spectral response of WS,-graphene he-
terostructures. (a) Measured responsivity (black dots) versus incident photon
energy for V4o = 10 mV and Vi, = 0 V. A, B and C exciton peaks, as well as
the direct gap transition (E,), are fit with Gaussian functions with the cumulative
fit described by the yellow continuous line. (b) Schematic of electronic transiti-
ons responsible for each peak fitted in the spectral responsivity of WS, /graphene
interface.

is extracted using F4 = E, — 8 which gives § = 140 meV which is a value between
that of bulk (~ 50 meV)** and monolayer (~ 300 —800 meV)**¢ WS,. Such a high
binding energy inhibits the contribution of excitons to the measured photocurrent
unless they can dissociate into an unbound electron-hole pair and be transferred
to the graphene charge transport layer.*? This dissociation can occur as long as
the binding energy can be overcome which typically requires large electric fields.
The in-built field at the interface, arising from the work function mismatch (Ag)
between graphene and WS, could encourage this dissociation, although the estimate
of A¢p ~ 100 meV indicates that this alone would not be sufficient. Applying a
non-zero value of V;, creates large electric fields at the surface of graphene which
can contribute to the exciton dissociation in WS, as the fields are not completely
screened by graphene.?® This has been verified by taking spectral scans at different
top gate biases.

Finally, the peak at 2.36 eV is due to the exciton formed from the electronic tran-
sition originating in the lower branch of the valence band. The difference in energy
between this B exciton and the A exciton allows us to extract a spin-orbit splitting
energy of 440 meV, which is in good agreement with both theoretical®® and other
experimental® works. The broad peak at 2.97 eV, Figure , can be attributed to
transitions between regions of high density of states in the valence and conduction
bands which give these materials their strong light-matter interaction.” The joint
density of states (JDoS) exhibits this in a clearer fashion and has a prominent peak

around this energy, see Figure [4.5p.
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Figure 4.6: Photodetector performance of WS,-graphene heterostructures.
(a) Photocurrent (|[,.|) and (b) responsivity (R) as a function of incident optical
power (P) at Vs = 100 mV. (c¢) Temporal response of the device at Vys = 100 mV
and Vi, = —1.5 V. (d) Normalised photoresponse as a function of light modulation
frequency. Inset shows eye diagram acquired at 2.9 kbit s~1. Scale bar is 150 pus.

4.6 Performance of photodetectors

From Figures and it follows that the whole WS,-graphene interface is pho-
toactive and its photosensitivity extends across the spectral range 400 - 700 nm. To
fully characterise performance the device has been illuminated with monochromatic
light (A = 625 nm) of varying intensity and the photocurrent was recorded. Figure
shows the photocurrent as a function of incident optical power at zero and
finite negative bias applied to the polymer gate. For both conditions the photocur-
rent decreases with reducing optical power, transitioning from a sub-linear power
dependence to a linear one below 0.1 W/m? In the linear regime, indicated by
the straight line fits, photogenerated charge carriers are split, with one charge type
being transferred to the graphene channel whilst the other remains trapped in the
WS,. Upon increasing the illumination intensity, the large number of photogene-
rated charge carriers reduces the electric field at the heterointerface, resulting in a
sub-linear power dependence.*” Application of a bias to the polymer gate allows
for more efficient exciton splitting within WS, leading to an increase in [,., as seen

previously in Figure {.4p.
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In Figure the responsivity as a function of incident optical power is plotted
for both Vi = 0 V and V;, = —1.5 V. The responsivity has been calculated using
R = I,./P, where I, is the photocurrent and P the incident optical power, and
follows a non-linear power dependence. This can be well fit using a function of
the form R = a/(b + P™), where a, b and n are fitting parameters. The power
exponent n ~ 2/3 is indicative of non-radiative Auger recombination,?® previously
observed in other indirect semiconductors such as Ge and Si.®® The responsivities
reach a maximal value of 1 x 105 A W~ at Vig = —1.5 V for V4o = 100 mV, an
order of magnitude higher than that without a bias applied to the top gate. The
high responsivities observed in these devices can be explained in terms of a gain
mechanism arising from the aforementioned photogating effect; to maintain charge
conservation the removal of one electron at a contact requires the injection of one
at the opposite contact. This electron circulation exists as long as the holes remain
trapped in the WS, resulting in a net gain.® The gain (G) in these devices can be
theoretically calculated considering the change in carrier density (An) from a known
photon flux (¢).

Solving equation numerically around V;; = 2 V and using AV}, = 114 mV

gives An = 1.3 x 102cm~2. From this the gain is estimated using:

_Anxux‘/ds

G = =135 (4.3)

where L is the channel length and Vj, the applied source drain bias. With a value
for mobility of u = 560 cm?V~!s7! extracted from the transfer curves, see Figure
[4.2] and a photon flux (¢ = 6 x 10'* cm?s7!), we find that Gy, = 4.8 x 10°, which is
in excellent agreement with the experimental measurement of responsivity, Figure
[.6b.

The temporal response of a polymer gated WS,-graphene device is shown in
Figure at Vg = 100 mV and V;;, = —1.5 V whilst the incident light is modu-
lated at 140 Hz. The rise and fall times are defined as the time period taken for
AI,. to change from 10 % (90 %) to 90 % (10 %) of its maximum value respectively.
Analysing multiple iterations of this square wave signal reveals that the transient
response of the WS,-graphene photodetectors takes place over sub-millisecond ti-
mescales with 7 = 130 ps and 7y = 440 ps. Prior to encapsulation in the ionic
polymer these devices typically had rise and fall times > 1s, often with the decay
of the photocurrent signal persisting well beyond the time frame of the experiment.
After deposition of the ionic polymer the response times of these devices improved
by at least four orders of magnitude, resulting in sub-millisecond rise and fall times,
as seen in Figure [4.6.

These response times are 10 faster than previously reported heterostructure
photodetectors which utilise TMDs®¥ or QDs*® as a light absorbing layer, typi-

cally operating over time scales of seconds or greater, owing to long lived charge
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trapping present in these devices. Typically, a large gate pulse is applied to reduce
the potential barrier between graphene and the semiconductor, thereby accelerating
the recombination rate of photogenerated electrons and holes, allowing a swift tran-
sition back to dark conditions. Indeed, hysteresis in current-gate sweeps of carbon
nanotubes, attributed to atmospheric contamination and oxide charge traps, can be
resolved through gate pulsing strategies.™® However, for graphene-QDs these gate-
pulses have been found to be device specific.# These devices exhibit rise and fall
times that are up to five orders of magnitude faster than previous works, without
the need to apply large electrical pulses. This behaviour is atrributed to the screen-
ing of traps within WS,, and at the SiO, interface, the latter of which is responsible
for the localization of charges in monolayer TMDs,™ by the mobile ions within the
ionic polymer. Therefore, the population of long-lived charge traps by photogene-
rated charges is unlikely, which allows for a swift return to the initial dark state
following removal of light.

In Figure [4.6{d, these response times are verified by ascertaining the -3 dB band-
width of polymer gated WS,-graphene photodetectors. The decline in photocurrent
magnitude is measured as an incident light signal is modulated with increasing fre-
quency using an optical chopper wheel. A similar trend is shown for the situation
with and without a bias applied to the polymer gate, where photocurrent signals
are normalised to the maximum, which occurs at low modulation frequencies. The
normalised signal reduces when increasing frequency, as one would expect when the
period of modulation begins to impinge upon the rise and fall times of the device.
The -3 dB bandwidth, a common figure of merit for photodetectors, is the point at
which the signal has dropped to 70% of its initial value, which for these devices are
1.3 kHz (V;y =0 V) and 1.5 kHz (V;, = —1.5 V). From this a rise time is extracted
using Trise = 0.35/ f_34p of 220 us, in good agreement with the data extracted from
Figure [4.6.

This -3 dB bandwidth of 1.5 kHz, coupled with extremely sensitive photode-
tection across a broad spectral range, means that WS,-graphene heterostructures
are highly suitable for video-frame-rate imaging applications, thanks to the unique
screening properties of the ionic polymer top gate. To demonstrate the feasibility
of this claim a home-built optical data link was constructed with a pseudo-random
bit sequence generator used to modulate the 625 nm light of an LED. This light
was focussed onto the WS,-graphene heterostructure maintained at Vs = 100 mV
and Vi, = —1.5 V and the output data stream amplified and delivered into an os-
cilloscope to obtain an eye diagram. The inset in Figure |4.6d shows such an eye
diagram, with the open eye at 2.9 kbit s~! demonstrating that these heterostructures
can truly be used in video-frame-rate imaging applications.

Finally in order to directly compare the performance of WS,-graphene hete-

rostructures to that of other photodetectors the specific detectivity (D*) is used.



57 CHAPTER 4. HYBRIDISED GRAPHENE PHOTODETECTORS

f (Hz)

10* 10°

Figure 4.7: Photodetector noise Acquired in dark for Vg, = 100mV and V;, =
—1.5V.

This formalism attempts to remove the variation in performance between devices
arising from different measurement conditions or geometries. This can be calculated
using the responsivity (R) and the noise density (S4, see Figure using D* =
R\/Z/ Sa where A is the device area. Taking the responsivity at V;; = —1.5 V and
noise value extracted at 150 Hz, a value for detectivity is calculated D* = 3.8 x 10!

Jones which is comparable to other graphene hybrid photodetectors.® 9:10:54

4.7 Comparison with literature

The significant novelty which separates this work from previous reports is that
these phototransistors display (1) high operational bandwidth and (2) high photo-
conductive gain at room temperature. Figure shows a comparative plot of gain
versus bandwidth for all relevant studies concerning graphene-based phototransis-
tors. The diagonal line in this diagram indicates a gain-bandwidth product of 1
GHz which is comparable to established technology based on III-V phototransis-
tors.”® These devices greatly outperform any previously demonstrated photosensors
of atomically thin materials.

Prior to this study, enhancements in the gain bandwidth product of graphene
phototransistors have only been realized using the impractical strategies of cryogenic
cooling to reduce electrical noise and the application of large (>10 V) gate voltage
pulses to accelerate resetting times (see hollow data points in Figure . Crucially,
the encapsulation of the phototransistor in ionic polymer results in a two order of

magnitude enhancement in operational bandwidth.
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Figure 4.8: Literature comparison Reported values for bandwidth and gain for
hybrid graphene transistors.

4.8 Summary and outlook

To summarise, the optoelectronic properties of ionic polymer gated WS,-graphene
heterostructure photodetectors has been characterised across a broad spectral range.
The photogating effect has been found to be the dominant photocurrent generation
mechanism, with a high gain process resulting in responsivities of 1 x 106 A W1,
Furthermore, sub-millisecond response times are demonstrated through both rise
and fall time estimates as well as by measuring a -3 dB bandwidth of 1.5 kHz.
The high gain and fast response found in these devices arises from the ability to
compensate charge traps with the ionic polymer, which is a limiting factor in similar
photodetectors. This study demonstrates that both high gain and sub-millisecond
response times can be achieved in two-dimensional heterostructure photodetectors.
A calculated detectivity of 3.8 x 10! Jones brings the realisation of high frame-rate

video-imaging applications with 2D materials ever closer.
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Light-emission and detection in HfOx

heterostructures

NOTE: Some of the ideas and data presented in this Chapter have been the subject of the fol-
lowing publication: Laser writable high-K dielectric for van der Waals nano-electronics. Science
Advances, to appear (2019). Namphung Peimyoo, Jake D. Mehew, Matthew D. Barnes, Iddo
Amit, Janire Escolar, Konstantinos Anasatasiou, Aidan P. Rooney, Sarah J. Haigh, Saverio Russo,
Monica F. Craciun, Adolfo De Sanctis and Freddie Withers.

J. D. Mehew participated in device fabrication, experimental measurements, data analysis & in-

terpretation, and writing of the manuscript associated with this chapter.

5.1 Introduction

Silicon has dominated the semiconductor industry for over 50 years due to the ease at
which the electronic properties can be modified by doping and the high quality of the
native oxide that can be grown on the surface. Indeed silicon transistors are at the
foundation of modern electronic devices. However in order to maintain transistor
scaling requirements alternative materials and strategies are required. Omne such
example is the use of high-k dielectrics such as HfO, as a replacement for SiO, in
FETs. This increases the capacitive coupling between gate and channel. Therefore
the use of a thicker high-k dielectric achieves the same performance as a thinner
low-k material but with reduced gate leakage. Recently reports have shown similar
high-k native oxides in 2D materials such as HfSe,, ZrSe,, TaS,, and TaSe,."™
Vertically stacked heterostructures of two-dimensional materials provide a fra-
mework for the creation of large-area, yet atomically thin and flexible optoelectronic

devices with photodetectors*™® i

and light-emitting diodes™™ already demonstrated.
Presently van der Waals nano-electronics use hBN as the dielectric layer. To achieve
high performance and low power consumption the dielectric thickness has to be mi-
nimized, however thin hBN suffers from increased leakage current preventing further
downscaling.

Conventional high-k deposition techniques such as atomic layer deposition or
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Figure 5.1: HfO,/HfS, oxidation process and band structure (a) Simulated
crystal structures and associated energy cost relative to formation of monoclinic
HfO,. Band structure of HfS, (b) and HfO, (c). Direct (indirect) transition shown
in green (red). Adapted under CC-BY 4.0

evaporation are incompatible with 2D materials as they tend to damage or perma-
nently modify the electronic properties of the underlying crystal. 12 Other options
include the integration of atomically thin oxides, such as V,0; into van der Waals
heterostructures. However these result in large charge transfer to neighbouring 2D
materials, hysteresis in FETs and a significant reduction in mobility - all highly
undesirable. ¥

In this chapter the incorporation of a high-k dielectric into van der Waals hete-
rostructures is demonstrated. In-situ photo-oxidisation of HfS, allows the formation
of clean interfaces between adjacent layers whilst preserving their electronic proper-
ties. As a demonstration of this technique multifunctional heterostructure devices

are produced and characterised.

5.2 Crystal structure of HfS, and HfO,

Figure[5.Th shows the crystal structure of 1T-HIfS, where hafnium atoms are between

two layers of sulphur atoms. Previous works have shown that 2D semiconductors
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Figure 5.2: Device Structure (a) Optical micrograph of device. Edges of graphene
(MoS,) outlined in green (red). Scale bar is 6 pm. (b) Schematic of layer sequence
and band structure.

are susceptible to photo-oxidation due to charge transfer between the surface and
oxygen present in air or surface-bound water.™#5 Under illumination photons op-
tically excite HfS,. This creates an excess of free carriers which are transferred to
oxygen producing a radical ion (O,~). Subsequently this reacts with HfS,, cleaving

the Hf-S bond and producing HfO, and SO,. The full reaction can be expressed as:

HfS,(s) + 304(aq) + hv — HO,(s) 4+ 2S04 (g) (5.1)

where s, aq, and g indicate the phase of the reactant or product (solid, aqueous,
or gaseous respectively). It is important to note that the photo-oxidation process
relies on the band alignment of the material with redox potentials. Therefore only
certain 2D materials are susceptible. 18

HIS, is a layered semiconducting material with an indirect band gap of E, ~
1.2eV. The direct gap is located at the Brillouin zone centre (I'), see Figure .
Following oxidation the band gap is increased to £, ~ 4 eV indicating the creation
of an insulating material. Interestingly oxidation has been shown to occur even
whilst HfS, is embedded in complex heterostructures and under metal electrodes.
This allows the integration of high-k dielectrics into electronic devices based on
2D materials without the need for invasive and destructive sputtering methods.
In an accompanying work HfO_-based heterostructure devices are currently being
investigated as flexible FETs as well as resistive switching memories. It has been
demonstrated that photo-induced HfO, has a dielectric constant of k ~ 15.17
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Figure 5.3: Raman spectra of heterostructure (a) Low frequency region of
spectrum with MoS, and HfS, modes visible. (b) High frequency region showing
hBN and graphene modes. Lorentzian fits have been used to identify peaks and the
background MoS, PL has been subtracted. The peak around 1450 cm™! is believed
to be an artefact from the background subtraction process. Note the absence of the
graphene D peak around 1350 cm ™! indicates that there is no laser induced disorder
from the oxidation process.

5.3 Device Fabrication

Figure[5.2a shows an optical micrograph of the HfO_ vertical tunnelling device. This
heterostructure has been assembled by the dry transfer of 2D flakes, as detailed in
Chapter[3} Here a few-layer flake of HfS, (1-2 nm) has been placed in the stack where
a dielectric material is required. Following van der Waals assembly the contacts
are defined by electron beam lithography and thermal evaporation of Cr/Au (5/60
nm). Photo-oxidation of the HfS, layer was performed in atmospheric conditions
by rastering either UV (A = 375nm) or visible (A = 473nm) laser light focused
to a diffraction-limited spot in a custom-built set-up.*® A typical power density of
53 mW pm~2 was used for exposures lasting 1-2 seconds per point, depending on the
thickness of the HfS, layer. Following oxidation all measurements were performed
under a vacuum of 1075 mBar or less. The focused spot-size was d, = 264 nm for the
UV laser and ds = 445 nm for the visible wavelength. For Raman, photoluminesence
and other optoelectronic measurements another visible wavelength laser was used
(A = 514nm,ds; = 484nm) The heterostructure layer sequence and band structure
is shown in Figure [5.2b. hBN is used as an atomically flat substrate on to which
the subsequent flakes can be assembled. Monolayer MoS, is embedded within two
layers of HfO, with monolayer graphene used as top and bottom electrodes. The
separation between electrodes is therefore between 3 and 5 nm.

Raman spectroscopy is used to non-destructively probe the heterostructure de-
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Figure 5.4: Tunnel current (a) IV curve for the heterostructure device. Insets
show zoom of low bias region (top) and optical image (bottom). (b) IV curve of
HfO, using CAFM. Insets show schematic of CAFM setup (top) and topographical
map with line scan (bottom).

vice and verify the material composition. Figure shows the low frequency
(320 — 420 cm™') region of the Raman spectra. Multiple peaks can be identified
using Lorentzian fits and assigned to different materials by comparison with litera-
ture reports. The two peaks at 385cm~! and 404cm™! are the Eyy and A;y modes
of MoS, respectively.1? Whilst the peak around 337 cm™' corresponds to the Ay
mode of HfS,, the contribution from the phonon modes of HfO, cannot be ruled
out.2022 Indeed a previous work has shown that the intensity of this peak decreases
upon oxidation.™ In the higher-frequency region (1300 — 2800 cm™!) three peaks are
identified which originate from phonons present in hBN (1380 cm™!) as well as the
G and 2D Raman modes of graphene (1591 cm™! and 2693 cm™'), Figure [5.3]2324
The negligible D-peak (1350 cm™" for A = 514nm)? seen after oxidation indicates

that graphene is not significantly damaged by the laser oxidation process.

5.4 Tunnelling behaviour

Figure shows a current-voltage curve of a HfO, encapsulated MoS, in 1-2 nm
of HfO,. Upon applying a bias voltage between the top and bottom graphene
electrodes (G; and G}) a tunnel current through the thin HfO, layers and into the
MoS, is observed. As the bias voltage is increased from zero the current increases
non-linearly. Outside of a low-bias regime (|Vy;| > 1V) an increase in the current
is observed due to tunnelling into the conduction band of MoS,. In addition, an
asymmetry between the current at positive and negative bias voltage is observed
which is likely due to both a variation in doping between G; and G, and a different
thickness of the top and bottom HfO,_. A low-bias resistance of 2.7 x 10%Q pm?
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Figure 5.5: Scanning photocurrent microscopy Scanning photocurrent map
acquired with a bias of Vj;,s = -1 V applied between the top and bottom graphene
(outlined in green). Monolayer MoS, is outlined in red. A power density of P =
270 pW pm—? was used (A = 514nm).

is comparable to previous reports of hBN tunnel barriers of similar thickness (~
1nm)."% Conductive AFM (CAFM) was used to locally probe the tunnelling current
through ultra-thin HfO_. A voltage was applied to the graphite/Au substrate and
the current measured using a conductive tip (diamond like carbon) connected to
a Femto DLPCA current amplifier and voltmeter. Figure shows multiple I-V
curves for a 2.3 nm thick flake of HfO,. The thicker flake used here shows insulating
behaviour at low bias and a sharp onset of conductance at higher biases due to the
onset of dielectric breakdown (Epp ~ 0.7V nm™!). This behaviour is similar to a
CAFM study of ultra-thin hBN flakes.*” Topographical image analysis and height

profile extraction were performed with WSxM v4.0 software.”®

5.5 Photodetection

To determine the active area of the heterostructure scanning photocurrent mi-
croscopy (SPCM) was used whereby a laser beam is rastered across the device
whilst photocurrent is acquired simultaneously. These measurements were perfor-
med using a continuous wave laser (A = 514nm, P = 50 pW). The electrical signal
was acquired by a DL Instruments model 1211 current amplifier connected to a Sig-
nal Recovery model 7124 digital signal processing lock-in amplifier. The frequency
of modulation of the lasers was 73.87 Hz. Figure |5.5[ shows that under a moderate

bias (Vpias = —1 V) the photocurrent is predominately localized to regions of overlap
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Figure 5.6: Photodetector performance (a) Power dependence of the generated
photocurrent recorded at Vj;us = -1 V. (b) Temporal response of the photocurrent
at f = 1.8kHz (c) Single oscillation of the photo-current. The rise (fall) times have
been extracted by fitting the data, black circles, using exponential decays with one
(two) time constants. (d) Normalised photocurrent as a function of modulation
frequency. Black dashed line highlights -3 dB frequency (I,./I), ~ 0.707) whilst red
and blue dashed lines are calculated from the time constants in (c).
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between the top and bottom graphene flakes, each outlined in light green. Photoex-
cited carriers in MoS,, (red outline) are separated by the graphene electrodes due
to the applied vertical electric field. Away from this region the photocurrent (I,.)
drops from > 65 nA to < 10 nA.

In Figure the power dependence of the photocurrent is shown. This localised
photocurrent (I,.) has a non-linear power dependence which has been previously
attributed to absorption saturation or electric field screening by the photoexcited
carriers in MoS,.*" An external quantum efficiency (EQE) of (n = (I,./q)(hv/P) ~
0.002%) is observed which is smaller than previous works“? which is anticipated due
to the low absorption of monolayer MoS, (~ 2.5% at A = 514nm),*" the increased
confinement of charges in the HfO, QW, and off-resonance excitation. Figure
shows multiple iterations of the photocurrent obtained at 1.8 kHz. Fitting a single
iteration with exponential functions allows the rise and fall times to be extracted
which are on ps time-scales, Figure[5.6k. In Figure[5.6{ a reduction in the magnitude
of the photocurrent is measured whilst the light modulation frequency is increased.
By normalizing this to the value of the photocurrent at low frequencies Igc the -3dB
bandwidth of the device can be ascertained, which is found to be f_3;5 = 35.8 kHz.
From this we can estimate the rise time using ¢, = 0.35/f_345 ~ 10ps which is in
good agreement with our analysis of the temporal response of the photocurrent. The
low EQE suggests that there is no significant gain mechanism present in our device
which corroborates with the rise and fall time analysis. As the time constants are
similar in magnitude it is unlikely that either results from long lived charge trapping
— a common mechanism for photoconductive gain. As a result, this conclusion
supports the claim of the formation of a clean oxide with few impurity states, crucial
for the creation of a tunnelling transistor. The measured response time is 103 — 10°
times faster than typical planar MoS, photodetectors,*! a result arising from the use
of a vertical, as opposed to lateral, contact geometry. The small electrode separation
3-5 nm and large electric fields ~ 0.2 — 0.3 V/nm minimize the transit time of the
photoexcited carriers. Hence, these vertical heterostructures of MoS, encapsulated

in HfO, are a promising high-speed light-detection architecture.

5.6 Light-emission

Monolayer MoS, has a direct band gap which favours the radiative recombination
of excited charges. Figure shows the photoluminescence (PL) spectrum of the
heterostructure for Vj;,s = 0 V. By fitting the data with Lorentzian fits two peaks
are identified corresponding to the A (1.84eV) and B (2.00eV) exciton transitions
between the conduction and valence bands. The spin-orbit coupling induced splitting

(Eso) of the valence band can be estimated from the difference in the energies of
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Figure 5.7: Photoluminescence (a) PL spectrum of heterostructure for Vi;,s = 0
V. (b) Colour map of emission energy against applied bias (V).

the A and B excitons:
FEso = Eg — Eg4. (5.2)

From this Ego is calculated to be 160 meV which is in excellent agreement with
other reports.®2

Figure shows the bias dependence of the PL. For positive bias voltages the
PL intensity decreases to a minimum at 2 V. As the bias is increased the Fermi
level of the bottom graphene electrode aligns with the conduction band of MoS,
favouring the extraction of photoexcited carriers, preventing their recombination
and therefore quenching the PL. Similarly, as the bias is swept to negative values a
peak in PL intensity is observed followed by a decrease with the peak located away
from zero. This is likely due to asymmetry in the thickness of the two barriers and
the doping of top and bottom graphene.

Upon increasing the bias to more negative values (V' < —2V) and switching the
laser off the onset of electroluminescence (EL) is observed, Figure [5.8h. This is due
to the injection of holes into the valence band of MoS, as we exceed the single particle
band gap. To further understand the emission, normalized EL and photolumines-
cence (PL) spectra are shown in Figure[5.8b. The main PL emission peak is assigned
to the A exciton seen at an energy of 1.84 eV. The energy of the main EL band
red-shifts from that of PL by 53 meV. Typically, the exfoliated monolayer MoS, is
n-doped, which favours the formation of negatively-charged excitons,®® which have
a lower emission energy than that of the neutral exciton by ~ 30 meV. Therefore
the main feature in the electroluminescence spectra at 1.78 eV is attributed to the
radiative recombination of the charged exciton. Moreover the dissociation energy
(i.e. energy shift with respect to that of the neutral exciton) of charged exciton is

proportional to the doping concentration.®3 Therefore it is likely the large energy
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Figure 5.8: Electroluminesence (a) Colour map of emission energy against applied
bias (V). (b) Comparison between PL and EL spectra of MoS,. (c) False-colour CCD
image of the EL overlaid on an optical image of the device (Scale bar = 5 pm).

difference between electroluminescence and photoluminescence is an indication of
high doping in monolayer MoS,, which is due to doping of the as-exfoliated natural
MoS, flakes and extra charge transfer from HfO,. Finally the spatial location of the
EL is determined. Figure [5.8c shows a false-colour CCD image of the EL overlaid
on a monochrome image of the device at applied bias voltage of -2.5 V. The EL is
localized to the active area of the device previously identified in Figure through
photo-current mapping highlighting the multi-functionality of the device. Therefore

both light-detection and light-emission is achieved within the same architecture.

5.7 Summary and outlook

In conclusion this chapter has investigated the use of laser-oxidised HfO_ as a tun-

nel barrier in multifunctional optoelectronic devices. HfS, can be embedded in
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complex van der Waals heterostructures and selectively oxidised without damaging
the underlying 2D materials. The ultra-thin oxide has a breakdown voltage of

Egp ~ 0.7Vnm~! and a low bias resistance of 2.7 x 10° Q pm~2.

These favoura-
ble properties allow the creation of a tunnelling transistor when used as a barrier
between graphene and MoS,. Such structures have been shown to be capable of
both light emission and detection in the same device with EL intensities and drive
voltages comparable to devices based on hBN. Additionally the photodetection re-
sponse times are 10° faster than equivalent planar MoS, devices. Furthermore the
high-k dielectric constant, compatibility with 2D materials and ease of laser-writing
techniques will facilitate the down-scaling of electronic devices and offer greater
device functionality. Future research should focus on increasing the quantum effi-
ciency both of photodetection and electroluminescence. This could be achieved by
stacking multiple HfO, encapsulated monolayers or by replacing monolayer MoS,

with a multilayer direct band gap material.
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Modifying the twist-angle in graphene/hBN

superlattice devices using contact-induced strain

NOTE: The ideas and data presented in this Chapter have been the subject of the following pu-
blication: Strain-Engineering of Twist-Angle in Graphene/hBN Superlattice Devices. Nano Letters
18, 7919 (2018). Adolfo De Sanctis, Jake D. Mehew, Saad Alkhalifa, Freddie Withers, Monica
F. Craciun, and Saverio Russo.

J. D. Mehew fabricated all the devices, participated in data analysis & interpretation and wrote

the manuscript associated with this chapter which is currently in preparation for submission.

6.1 Introduction

The fabrication of high-mobility graphene devices has benefited from two major
breakthroughs. Hexagonal boron nitride (hBN) was introduced as a substrate for
graphene replacing the commonly used SiO,. This 2D dielectric (E, ~ 6eV) is free
from dangling bonds and is lattice matched to graphene within 6 ~ 1.8% allowing for
an atomically clean interface to be formed. The van der Waals attraction between
these 2D materials is strong enough to push contamination outside of the overlap
region - an atomic-scale self cleaning mechanism." Furthermore hBN surface optical
phonons are at energies two times larger than similar modes in SiO,.“ These favou-
rable conditions increase the mobility of graphene devices on hBN by an order of
magnitude compared with SiO,.? The second major development in graphene devices
was the realization of high-quality electrical contacts to graphene fully encapsulated
in hBN.®¥ Reactive ion etching of the hBN /graphene/hBN heterostructure allows
the metallization of only the 1D edge of a graphene layer. In these edge-contact
geometries low temperature ballistic transport was reported over 15 pm and room
temperature mobilities became comparable with the phonon scattering limit.”
Moiré interference patterns are observed for graphene on hBN owing to similari-
ties between their lattices. The rotation of graphene with respect to the underlying
hBN produces patterns each with a different Moiré wavelength,*® suggesting that

effective periodic potentials are formed. Figure [6.1p shows the Moiré pattern for
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Figure 6.1: Schematic of the moiré pattern of graphene (red) on hBN
(blue) and heterostructure band structure. Twist angle between the crystals
for the commensurate (a) and incommensurate (b) states. Black hexagons outline
the Moiré plaquette of wavelength A. The lattice mismatch has been exaggerated
to illustrate the Moiré pattern (10 %). Schematic band structure of graphene-hBN
heterostructure (c) and pristine graphene (d). In the graphene-hBN heterostructure
both the charge neutrality point (Acnp) and satellite peaks (Agy) can have an

energy gap.

the case in which graphene and hBN are perfectly aligned (twist angle § = 0°). The
relationship between twist angle (6) and Moiré wavelength (\) is:67
(1+6)a

A= V2 (14 0)[1 — cos O] + 62’ (6.1)

where § ~ 0.017 is the lattice mismatch between graphene/hBN and a = 0.246 nm
the lattice constant of graphene. With increasing twist angle the Moiré wavelength
reduces, Figure [6.1b. For massless Dirac fermions this results in the formation of
new Dirac points in the electronic band structure whose energy and wavevector is
determined by the Moiré wavelength, Figure . Furthermore energy gaps open at
the charge neutrality point (Acyp) and at the satellite peaks (Agqt) located in the
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valence band. The asymmetry between satellite peaks in the conduction and valence
bands comes from the asymmetry in the on-site energies in hBN and next-nearest
neighbour interlayer hopping.® For large twist angles the band structure approaches
that of pristine graphene, Figure [6.1}.

Super-lattice structures have led to observation of several physical phenomena
including Hofstadter’s butterfly,®¥ topological supercurrents,™ and even unconven-
tional superconductivity.*? Critical to these observations is the formation of a com-
mensurate state in which graphene is locally stretched in domains separated by sharp
domain walls. Previous works have reported that a commensurate-incommensurate
transition occurs at twist angles 6 ~ 1°.%4 For small angles (large A > 10nm) grap-
hene forms these domains of strong van der Waals interaction with hBN. For the
case with large angles local strain is not observed and the system is in an incom-
mensurate state, Figure [6.Ipb. Thermal annealing has been shown to induce an
incommensurate-commensurate transition providing the initial twist angle is small
(6 < 2°). For flakes which do not align, a 1D network of wrinkles emerge.’* This
is proposed to arise from the difference in thermal expansion coefficients between
hBN and graphene.

It is known that the deposition of metal contacts onto graphene induces structu-
ral defects, doping and strain.™” However the effect that this has on graphene/hBN
super-lattice structures is at present unknown. This chapter will attempt to ad-
dress this shortcoming. Aligned graphene/hBN heterostructures with both 2D
(top) and 1D (edge) contacts have been fabricated and characterised using Raman

spectroscopy and electrical transport measurements.

6.2 Fabrication

hBN was mechanically exfoliated onto SiO, /Si* substrates that had been previously
treated with a high power oxygen plasma (30 W). This processing step increases
both the yield and lateral size of exfoliated flakes.™® Graphene was exfoliated onto a
polymer bilayer (PMMA /PVA) and placed on the hBN by the dry transfer technique,
detailed in depth in Chapter 2] Care was taken to minimise the twist angle by
aligning the crystallographic edges of graphene and hBN. Figure shows the
lithography steps that follow. Graphene on hBN (i) is etched into Hall bar geometry
using an Ar/O, plasma (ii). Deposition of metal electrodes followed one of two
routes: A or B. In route A the top contacts are formed first by electron beam
lithography and thermal evaporation of Cr/Au (15/60 nm) electrodes (iii). For edge
contacts the graphene/hBN heterostructure is etched in an CHF;/O, plasma (iv)
before metal deposition (v). Optical images of each stage of fabrication are shown
in Figure [6.2b. Route B differs in that the edge contacts are processed before the

top contacts. In the following sections the results obtained are independent of the
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Example: Route A

Dry transfer of
graphene on hBN

Etch graphene
into Hall bar

Top contact
fabrication

Edge contact
fabrication

Finished device

Figure 6.2: Top and edge contact fabrication Sequence (i-v) of fabrication steps
(see main text) with schematic (left) and optical image (right). In route A (B) the
top (edge) contact fabrication step comes first. Both routes yield the same outcome.

processing route taken.

In Figure a 3D illustration of the device is shown. In particular the diffe-
rence between edge and top contacts becomes clear. Edge electrodes make contact
along a 1D chain of carbon atoms due to the etching step immediately before metal

evaporation. On the other hand top electrodes overlap with the graphene flake.

6.3 Raman analysis

Given the dissimilarity between the top and edge contacts it is not surprising that
the Raman specta acquired in their proximity is different, Figure[6.3b. Here multiple
peaks are observed corresponding to the E,, phonon mode of hBN and the G (~
1580 cm™!) and 2D (~ 2670 cm™!) modes of graphene. Both the G and 2D modes
are up-shifted for edge compared with top contacts whilst the hBN mode remains at
~ 1365 cm~" with such shifts previously attributed to both doping and strain.2719
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Figure 6.3: Device schematic and Raman spectra (a) Schematic of device.
Cut-outs highlight the difference between top and edge contacts. (b) Typical Raman
spectra of graphene acquired near the top (black) or edge (red) contacts.

The hBN mode and the Si peak at 520cm ™! are used as calibration peaks in the
following analysis.

A Raman map was produced by rastering a laser beam (A = 514 nm) across the
device and acquiring the spectra at each position. Lorentzian fits were used to iden-
tify the frequency of the G and 2D modes which are then plotted against each other,
Figure[6.4] A clear correlation between we and wep can be seen where the data points
tend to be distributed along a line. For means of comparison the expected correlation
for pristine (suspended) graphene has been included,™ which represents the ideal
case with only intrinsic doping and residual strain. Previous works have verified
that suspended graphene is free from strain through polarized Raman spectroscopy.
Anisotropic strain leads to the splitting of the G' mode with the relative intensity of
each peak correlated to the angle of polarization.2? Therefore by suspending grap-

hene over a trench the occurrence of isotropic strain can be excluded and then the
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Figure 6.4: wg — wep space G and 2D peak frequencies from a Raman map of the
device before (blue circles) and after (green circles) annealing. The red star indicates
the expected values for suspended pristine graphene taken from literature.1? Black
(pink) line shows the expected dependence of wg/wap on strain (hole doping).

presence of anisotropic strain can be investigated. Within the experimental error
it was found that this is less than 0.1 %.20 Taking literature values for strain we
plot the effect on wg and wyp (black dashed line) using (Awsp/Awg)v™arial = 2.2 1
where this represents an average value between the case with strain aligned along the
zigzag and arm-chair directions. The influence of doping is more complicated as it
depends on the type of charge carriers (electron or hole) and is more pronounced for
we than wep because of the non-adiabatic electron-phonon coupling.2!! Hole doping
results in a quasi-linear dependence of (Awsp/Awg)i® = 0.70. For low electron
doping levels (n, < 7.5 x 102 cm™2) the dependence remains linear but for greater
doping this becomes highly non-linear. However it is commonly found that both
pristine and annealed graphene is hole doped. Given that the data points are distri-
buted along the strain line one can conclude that graphene is uniformly doped with
a distribution in strain. The vertical shift away from the pristine case is thought to
be due to Fermi velocity reduction, previously reported for graphene on hBN and
arises from van der Waals interlayer interaction.?223 Upon thermal annealing for
2 hours in forming gas (H,/Ar, 10%/90%) at 200°C the data set shifts vertically
upwards, suggesting a greater Fermi velocity reduction from increasing interlayer
interaction.

Figure [6.50 shows a computation flow diagram for extracting the strain and
doping contributions to the wg and wsp peak positions following the work of Ji

Eun Lee and co-authors.™ The raw data is fit with Lorenztian peaks following a
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Figure 6.5: Vector model for G and 2D mode frequencies (a) Computational
flow diagram for extracting strain and doping contributions to the wg and wop peak
positions. (b) Vector map of wg/wap. Any vector OP can be decomposed into the
strain-free OH and charge-neutral OT directions. Unit vectors: ey hole doping, er
tensile strain, and —et compressive strain.

calibration step using the hBN Raman mode. This produces the wg/wap space seen
in Figure [6.4 Each point represents a vector from the pristine case which can be
decomposed into wg and wyp maps for doping and strain. Doping and strain maps
can be produced by combining these contributions. Figure [6.5p shows the vector
map where any vector from the origin O to a point P (OP) can be decomposed into
the strain-free OH and charge neutral OT direction with unit vectors eg for hole
doping, et for tensile strain and —er for compressive strain. The dashed lines can

be expressed as:

yn = wip + Ap (WG — W)
yr = wop + Ar (WG — we) (6.2)
Y = wap + Apr (wg — wg)
yr = wip + Ar (WG — wg)

where Ay = (Awsp/Awg) and Ar = (Awsp/Awg)?™eial Solving these by
finding their intercept yields:

P 0 0 P
g Wop — Wyp + Agwe — Arwg

o —

Ay —Ap
H P H P
p = Wyp + Ar(wg — wg) (63)
P 0 0 P :

WL — W2p ~ Wop + Arwg — Apwg

¢ Ap — Ay

wyp = wip + Ap(wg — w§).

Finally the doping and strain values can be calculated using An = _AlLfl (1013 cm 2]

T
and Ae = _A;;% [%)] respectively with the values taken from literature, 18
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Figure 6.6: Strain and doping maps (a) Optical image of the device. Contacts
outlined in green. Graphene channel bounded by the dashed lines. Device regions
for top and edge contacts are labelled. Strain (b) and doping (c¢) maps extracted
using the vector analysis. The symbols refer to the positions the indiviual spectra
in Figure [6.3p were acquired.

6.4 Raman mapping

Figure visualises the strain and doping distributions within the device by ap-
plying the vector decomposition analysis to the wg and wop Raman maps. In the
optical image the metal contacts and graphene flake have been outlined with solid
green and dashed black lines respectively with the top and edge electrode regions
identified, Figure [6.6p. It is known that graphene on hBN becomes compressively
strained owing to the difference in lattice constants (0 ~ 1%) with e ~ —0.1%.
However a clear distinction in the level of strain between the two regions is obser-
ved in Figure [6.6b. For the edge contacts strain is uniformly distributed across the

graphene channel. Conversely for the top contacts regions of large strain are seen



CHAPTER 6. MODIFYING THE TWIST-ANGLE IN GRAPHENE/HBN SUPERLATTICE

87 DEVICES USING CONTACT-INDUCED STRAIN
a . —— b 300 : : : : :
I No anneal I No anneal
150 B Anneal i I Anneal
— —

E 3 200 '\ .

S 100 - N 1 &

(2] (2] /\

<= <=

[ c

3 3

S &l | & 100 .

| hey,
o LIIIHI 0

03 02 -0 0.0 0.1 0.0 0.5 1.0 1.5
Strain (%) n (10" cm?)

Figure 6.7: Strain and doping statistics (a) Histogram of strain values before
(blue) and after thermal annealing (green). A multipeak Gaussian is required to fit
the data corresponding to 3 distinct regions of strain. (b) Histogram of hole doping
values. A single Gaussian fit suggests uniform doping across the whole device.

between opposing electrodes with lower strain levels in the central area between
electrodes. Figure shows the doping distribution of the device. In contrast to
strain the doping is uniform across both top and edge contact geometries.

The visual representation of strain and doping in Figure provides an insight
into the impact of the different contacts. By examining the statistics behind these
maps both parameters can be quantified. Figure shows a histogram plot of
the strain distribution in the device. The data is fit with three Gaussian peaks
indicating three distinct regions of strain with two coming from the top and one
from the edge contact regions. Our analysis reveals a Gaussian peak located at
e = —0.10% and confirms earlier reports that graphene on hBN is compressively
strained. By comparison with the strain map this is assigned to the edge contact
region, see Figure [6.6b. The other two peaks correspond to strain emerging from
opposing top contacts and the channel between adjacent pairs. The non-uniformity
between these two regions can be understood by considering the relaxation of com-
pressive strain in graphene by the metal electrodes. Metal deposition elevates the
device temperature which subsequently cools once evaporation is complete. Given
the difference between thermal expansion coefficients (TEC) of gold (positive) and
graphene (negative) upon cooling graphene expands whilst gold contracts. This
contraction dominates as the TEC of gold (=~ 14 x 107¢K™!) is greater than that
of graphene (=~ —7 x 1076 K~1) 2425 Therefore the contraction of the gold contacts
relaxes the strained graphene as indicated by the Gaussian located around —0.04 %
strain with this relaxation extending into the channel area (¢ ~ —0.07%). While
this is the case for top contacts no strain relaxation is observed for edge contacts.

This result may be related to the fact that the effective contact area is order of
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Table 6.1: Comparison of strain values for different device regions before and after
annealing

Strain (%) Doping (10" cm™2)
Region No anneal Anneal No anneal Anneal
Edge —0.102 £ 0.002 —0.177£0.002 5.63+£0.05 1.53+£0.01

Top (contact) —0.037 4+ 0.001 —0.090 £ 0.003 7 7
Top (channel) —0.072 4 0.005 —0.128 £ 0.003 K K

magnitudes greater for the former than the latter given their respective 2D and 1D
nature.

Thermal annealing is commonly used to enhance the electrical properties of grap-
hene FETs by improving the metal-graphene interface and reducing contamination
(e.g. from polymer residues). Figure shows a histogram of the doping levels
used as an indication of contamination. In contrast to the strain statistics a single
Gaussian is used to fit the data indicating uniform doping across both contact regi-
ons with n ~ 5.6 x 102 cm™2. Following annealing this reduces to 1.5 x 102 cm—2
somewhat validating this common processing step. However this thermal treatment
has a pronounced effect on the strain distribution, Figure [6.7h. Strain increases in
all areas as evidenced by an up-shift in ¢ of between 0.4% and 0.7%. Previous
reports have shown that graphene on hBN can undergo a rotation upon thermal
annealing,** increasing the crystallographic alignment, which occurs as the system
tries to minimise the interlayer van der Waals energy. Table compares values
for strain before and after annealing. Strain in the edge-contacted region increases
from —0.10% to —0.17% indicating that graphene has become more compressed.
Similar compression is observed for top-contacts where close to (away from) the
electrode an increase of Ae = —0.04 % (Ae = —0.06 %) is extracted. This suggests
that there is a competition between flake rotation and mechanical clamping from the
metal electrodes. With increased clamping from top contacts a smaller change in
strain occurs in these regions. It is clear that care should be taken when annealing

graphene/hBN devices as the increased strain could lead to contact failure.

6.5 Finite Element Modelling

To validate the idea that top-contacts induce strain in graphene/hBN devices the
system is described as a deformable, 2D membrane with a force applied normal
to each contact and use finite element modelling to calculate the resulting strain.
Due to complications in imposing initial compressive strain conditions in our model,
this is added later as a constant term to the trace of the strain tensor, Atr(e) =
(€22 + €yy) + €0. Previous works have shown uniform compressive strain in grap-
hene/hBN structures therefore validating this approach.**® Figure shows the
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Figure 6.8: Finite element modelling (a) Simulated strain map of membrane in
which a force equal in magnitude is applied to each voltage probe. A bow-tie strain
pattern is observed in the centre (white dashed line). (b) Experimental strain map
of top contact region. (¢) Comparison between experimental (open circles, dashed

line) and simulated (solid line) strain values extracted along the blue and black
dashed lines in (a) and (b).
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result of this analysis. As expected strain is observed at the contacts due to a re-
laxation of the initial compressive strain and more interestingly a bow-tie feature
is observed between opposing contacts. Re-examination of the experimental strain
map reveals the presence of both these features, Figure [6.8b. Strain induces a gauge
potential in the effective Hamiltonian and the ability to engineer strain patterns
could provide a system in which new physical phenomena could be investigated
including the realization of a purely strain-based valley filter.“"*? Figure com-
pares the experiment and simulated strain values for line-cuts in panels a and b with
reasonable agreement between the two providing further justification for the validity

of the model and prior explanation.

6.6 Electrical properties

Figure shows the circuit used for characterising the electrical properties of grap-
hene/hBN Hall bar devices. AC lock-in measurement techniques are employed to
accurately probe changes in resistivity with small excitation voltages (V. ~ 1mV)
minimising Joule heating in the device. Two- (Var) and four-terminal (V7) voltages
allow the simultaneous measurement of channel resistivity, p.., field-effect mobility,
i, and contact resistance, (Ror — Ryr) /2, Figure b, ¢, and d respectively. The
graphene channel is capacitively coupled to the Si™" backgate allowing the modu-
lation of carrier density n by applying a DC voltage between the two V.. Figure
shows two peaks in resistivity as Vj, is swept between +80V. The first around
=20V (pzr = 4.5k/sq) is identified as the charge neutrality point. However the
second, a satellite peak at Vi, ~ —60V, arises due to the emergence of additional
Dirac points in the band structure of graphene on hBN, see Figure [6.Ik. As the
Fermi level is swept into the valence band the sign of the majority charge carrier
flips at these additional Dirac points which reduces the density of states. This ma-
nifests as a peak in the resistivity of graphene. This behaviour has been previously

S0 and very recently at room

observed in low-temperature transport experiments
temperature.” The absence of a peak on the electron-doped side (Vs > Vonp) can
be explained by the asymmetry between satellite peaks in the conduction and va-
lence bands. For the latter an energy gap emerges at the satellite peak whereas
none such gap occurs in the former. This is due next-nearest-neighbour interlayer
hopping which breaks electron-hole symmetry.©

Applying the Drude model (o = nep) allows the field-effect mobility to be ex-
tracted, Figure [6.9c, though this analysis for hole doping is complicated by the
presence of the satellite peak. On the electron doping side mobilities approach
po=74x103cm?V~-ts and p = 2.2 x 103ecm?V~!s for the top and edge con-
tacts respectively. Edge, or 1D, contacts are expected to give the highest room-

temperature mobility in fully encapsulated devices.” However the absence of top
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Figure 6.9: Field effect measurements (a) Circuit diagram (upper) and schmatic
(lower) of field effect measurements. (b) Longitudinal resistivity (p,.) as a function
of gate voltage (Vgs). (c) Mobility (u) versus carrier density (n — nenp). (d)
Contact resistance ((Rop — Rar) /2) versus induced carrier density (n). Electrical
measurements were acquired for top (black) and edge (red) contacted regions before
and after thermal annealing, solid and dashed lines respectively.

hBN means that the Cr-C bond is exposed to the environment so it is not surprising
that the higher mobility is reported from the top-contacted region. Further evidence
of this can be seen in Figure where (Ror — Ryr) /2 for edge contacts is roughly
twice as large for top contacts indicating a higher contact resistance. Interestingly
thermal annealing has a more pronounced effect on the electrical performance of the
latter whilst having a negligible effect on overall device mobility. For both contact
types the resistivity peaks shift to smaller values of V,, supporting the earlier conclu-
sion that thermal annealing reduces doping by removing contamination. However
(Ror — Ryr) /2 increased by a factor of two following annealing for top contacts
whereas a slight reduction is observed for edge contacts.

Figure a and b show the longitudinal resistivity (p..) as a function of gate
voltage of the top and edge contacted regions before (a) and after (b) annealing.

By taking the second derivative ((dpn,/dVy;) of the longitudinal resistivity (pac)
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Figure 6.10: Satellite peak analysis Longitudinal resistivity (p.., upper) and
second-derivative (d®p.,/dVy,, lower) versus Vg, — Vonp before (a) and after (b)

ER

thermal annealing. (c¢) Schematic showing emergence of Moire pattern with different
twist angles between graphene and hBN (note angles exaggerated). (d) Extracted
twist angle from Vs —Veonp data using Equation in main text and corresponding
mini-band energy level (green).

with respect to gate voltage (V) several minima can be identified. Interestingly
the separation between these minima in gate voltage, and therefore Fermi energy, is
different for the top (—32.0V) and edge (—36.5V) contacted regions, Figure [6.10h.

The band structure of graphene is modified by interlayer interactions with hBN
where the angle between crystallographic axes defines the interaction strength. In-
creasing this twist angle from # = 0° reduces the Moiré wavelength (\) and ma-
nifests as a shift of the satellite Dirac points away from the main Dirac point, see
Equation above. Due to the spin and valley degeneracies in graphene full fil-
ling occurs at a density of four electrons per superlattice cell (n = 4ng) with the

unit cell area 1/ny = v/3A?/2.% Carrier density and gate voltage are related though
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n = Cy(Vys — Vonp)/e where C is the geometric capacitance. Combining these:

(Vas — Venre) = —\/;i\e?Cg’ (6.4)
Therefore the separation between peaks in transport measurements can be correlated
to the Moiré wavelength and twist angle.”

Rearranging Equation allows the Moiré wavelength (\) to be extracted from
the transport data in Figure[6.10h. A value for Cy has been estimated by considering
two dielectrics (SiO, and hBN) stacked in series (C, = 1.18 x 10~* Fm~?). Equation
can then be used to convert Moiré wavelength to twist angle (). For the top
contacted regions A = 14.0nm and 6 = 0.31° whilst in the edge contacted regions
A = 13.1nm and 6 = 0.50°. The difference in Moiré patterns between the edge
and contact regions disappears following thermal annealing, Figure [6.10b. Here
the second derivative reveals that the separation between peaks is identical for the
different contact regions implying that these now have the same twist angle. Indeed
the analysis shows that A = 13.8nm and 6 = 0.36°.

Figure [6.10c shows a schematic illustration of the Moiré superlattice structure
formed by rotating the graphene (red) with respect to the hBN (blue). Our analysis
shows that two twist angles are present before annealing with 6;,, = 0.3° and 044 =
0.5° calculated using Equations [6.1 and [6.4] After thermal annealing one angle is
now measured for both regions (f = 0.36°). The heterostructure can undergo a
self-reorientation following thermal annealing due to the small twist angles present
in the as-fabricated device. This movement is due to a gradient in the van der
Waals forces.** In Table we summarised the strain induced by the different
contact regions and found that the top contacts relax the compressive strain found in
graphene on hBN. On the other hand the edge contacts did not induce this relaxation
and the value approaches that found in uncontacted graphene/hBN structures (e =
—0.1%).*¥ Interestingly this implies that the strain induced by the top contacts has
driven an initial, that is pre-thermal annealing, reorientation of twist-angle. The
lower induced strain of the edge contacts does not permit such a reorientation but
will allow this following thermal annealing. To summarise, Figure plots the
experimental data with the functional dependence of Vo p — Viy versus twist angle.
For reference the Moiré energy has been plotted using AE = (hvy)/v/3\ using a
Fermi velocity of vy =1 x 10°ms™".

The Moiré wavelength influences the phonon modes of graphene which manifests
as changes in peak position and width in Raman spectroscopy. Empirically A can be
related to the full-width half-maximum of the 2D peak (I'sp) using I'sp = 2.7A+0.77,
where the numerical constant (0.77) is dependent on the device structure and electri-
cal properties (e.g. mobility).” Given that this constant is unknown in our devices we

cannot directly compare the absolute value of A\ extrapolated from Raman and trans-
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port measurements. However the difference in I'sp between the top and edge con-
tacted regions can be quantifed (AT'sp). Before thermal annealing AT'sp = 1.0+£0.5

1 1

cm™ . Afterwards this reduces to Al'sp ~ Oem ™, confirming the convergence of

the twist-angle observed in electronic transport measurements.

6.7 Summary and outlook

In conclusion this chapter has described the influence metal contact geometry has
upon strain distributions in aligned graphene/hBN heterostructures. Complemen-
tary Raman spectroscopy and electrical transport measurements allow the extraction
of strain and doping across the top and edge contacted regions. In particular vector
decomposition of spatial maps of the wg and wyp peak frequencies confirms grap-
hene on hBN to be compressively strained. Interestingly top contacts allow a partial
relaxation of this strain unlike edge contacted regions which was verified through
FEM simulations. Thermal annealing was shown to be effective in reducing doping
levels through the removal of contaminants. However greater strain was observed in
all regions following this annealing step highlighting the risk of contact failure.
Electrical measurements reveal the emergence of satellite Dirac points by the
presence of additional resistivity peaks away from the main charge neutrality point.
This is to be expected for graphene aligned on hBN due to the formation of super-
lattice structures. Indeed analysis of the Moiré wavelengths extracted from transport
measurements agree well with those from Raman spectroscopy. Interestingly distinct
twist angles are observed for different contact regions which converge to a single value
following annealing. These results suggest that contact design and geometry can be

used to engineer the twist-angle in graphene/hBN heterostructure devices.
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Summary

In this thesis the use of van der Waals heterostructures in novel optoelectronic
devices was investigated. Each of the preceding chapters demonstrate that an im-
provement in the optical and electronic performance of several devices can be made
by combining two or more atomically thin materials in layered structures.

The first heterostructure device we reported in Chapter |4 was a photodetector
formed by combining graphene with tungsten disulphide. These photodetectors
were found to be highly sensitive to light owing to a gain mechanism that produced
over a million electrons per photon thanks to the excellent electrical properties
of graphene. An analysis of the performance metrics show that these devices are
capable of detecting light under moonlight conditions at video-frame-rate speeds
with applications in night vision imaging envisaged. Future studies on the role
played by charge trapping and the origin of noise are necessary to increase the
performance. However our current results indicate that there is great potential for
commercialisation.

Graphene was utilised again in Chapter [5| this time as a transparent electrode
in a vertical tunnelling transistor. In this study we report a novel method for the
direct laser writing of a high-k dielectric (HfO,) embedded inside a van der Waals
heterostructure. These dielectric layers formed tunnel barriers between the grap-
hene electrodes and MoS,. The confinement of injected charges in MoS, favours
radiative recombination and subsequently leads to electroluminesence. Within the
same architecture we were also able to extract photoexcited charges. The combi-
nation of a photodetector and light-emitting transistor could have applications in
screens capable of simultaneously displaying and recording information. Whilst the
efficiencies of these prototypes are low, improvements could be made by combining
multiple cells into a single device.

In Chapter [6] we address a more fundamental problem in the properties of alig-
ned graphene/hBN heterostructures. Strain distributions are shown to modify the
electronic properties of graphene due to a change in the interlayer interaction. We

were able to engineer these strain patterns by design of contact geometries and ther-
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mal annealing strategies. Changes in the interlayer interaction were verified through
complementary electrical transport measurements and Raman spectroscopy. This
provides a valuable insight into the role played by contacts in devices governed by
alignment angle. Future works should investigate the impact this has on the effi-
ciency of light-emitting devices. In particular strain engineering could be a route to
modify the band structure of atomically thin materials - providing a tunable light

source.



Sample preparation

Device fabrication

The samples presented in this thesis have been fabricated on highly doped Silicon
with a thermally grown oxide, SiO, (typically 290 nm) . Flakes of 2D materials
were deposited via mechanical exfoliation of the bulk crystal with heterostructures
formed by repeated wet or dry transfer of additional flakes, see Chapter |3|for further
details of the stacking process.

After material deposition contact electrodes were defined using electron beam
lithography (EBL). The positive resist PMMA (Poly(methyl methacrylate)) was
spun onto the substrate (thickness ~ 300nm), soft-baked at 150°C for 1 - 2 minu-
tes and patterned using the 80 kV electron beam of a Nanobeam NB4 system.
Soft-baking below the manufacturers recommended temperature assists in the for-
mation of a clean interface between metal and flake. Low beam currents (1-5nA)
are used when directly writing on top of 2D materials. This potentially reduces the
interaction of PMMA with the crystal. High beam currents (/= 80nA) are used for
the leads and bonding pads.

Exposed PMMA was then removed through immersion in a developer solution of
IPA (Isopropanol), MIBK (Methyl isobutyl ketone) and MEK (methyl ethyl ketone),
at a ratio of 15:5:1 respectively typically for 30 s, then rinsed in IPA for a further 60
s and dried under a flow of N,. Metallization was performed using a either thermal
or electron beam evaporator. Generally a thin layer of Cr or Ti (5 nm) is deposited
first to promote adhesion between the SiO, and contact metal (Au, 50 nm). The
adhesion between Cr and 2D crystals, in particular hBN, appears to be stronger
than that of Ti. Therefore for heterostructure devices Cr/Au is used.

To remove the PMMA mask and unwanted metal the sample is immersed in hot
(70°C) acetone for 2 hours. The final pieces of metal are gently removed with small
jets of acetone from a glass pipette. If the channel has been exposed to PMMA in
order to thoroughly remove PMMA residues the sample is then transferred to fresh

acetone and left overnight.
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If necessary device geometries were defined by EBL using PMMA hard-baked at
175°C for 1 - 2 minutes as a mask. Unwanted material was then removed through
reactive ion etching. For example graphene was etched in an Ar/O, (2:1) plasma,
whilst TMDs and hBN require CHF; or SFy due to the different chemical reactions

occurring at the surface of the 2D materials.



Summary of key photodetector performance

metrics

Table shows a compilation of the data presented in Figure of Chapter
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Table B.1: Summary of key performance parameters for graphene, functionalised graphene and hybrid PDs. LDR and D* values
are reported only if available from the experimental data. Range of R, Af, D* and LDR are given corresponding to the range

in AM\.

Ref. Type/Functional. Response R (A/W) Af (Hz) D* (Jones) AN (nm)* LDR (dB)
Pristine graphene

1 Interdigitated PTE 6.1-1073 1.6 - 107 6-105° 1500 7.5

2 Suspended PTE/PV 6.25- 1074 10 1.3-10*° 540 24

: Dual-gated PTE 1.55-1073 - - 532 -

4 Log-antenna PTE 5-107° 7-10° — 30 pm to 220 pm —
Functionalised graphene

2 FeCls PV (0.015—0.1) - 1073 700 10%° 375 to 10 pm 44

L FeCly PV 0.1-1073 — — 375 —

L GO/rGO PV 0.12 1.6-107% — 360 —

. GO/rGO PV 4-1073 3-1072 - 1550 -

2 GO/rGO PV 24-107*—1.4-1073 2—25 — 375 to 118.6 pm 7T—11

= 3D np-rGO PV 1.33-10% — 1.13 - 10* 6-10~* — 370 — 895 4

1 GO/NaySoy PV (175 -958)-1073% 2-50-10"3 - 455 — 980 -

12 GO PV 1-1073—1-107°¢ 2.2 3-107 375 — 1610 25

13 GO PV 1.6-107"—1.8-107° 7-1073 — 1064 —

4 +GO/ZnO PV 1-1077=3-107"7 3.3 — 532 — 1064 11

15 rGO/TiO, PV — 0.1 — > 400 —

10 FG PG 1000 — 10 3 4-104 —1-10° 255 — 4290 4

L BTS/ATS SAMs PTE 0.02 100 - 532 15
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18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

39

36

37

38

39

PbS QDs

PbS QDs

Zn0O QDs

Zn0O QDs

Zn0O QDs

CdS NPs
CdSe/CdS NPs
PbS QDs/ITO
Si QDs

PbS QDs/MAPbDI3
MAPDI;
MAPDBBr,lI
MAPDI; + Au NPs
MAPDI;
Chlorophyll
Ruthenium
P3HT
Cs-BTBT
Rubrene

MoS,

MoS,

MoS,

PG
PG
PG
PG
PG
PG
PG
PG/PD
PG
PG
PG
PG
PG
PG
PG
PG
PG
PG
PG
PG
PG
PG

Hybrid and heterostructures

- 107
- 106
- 104
- 10*
2.5-106
4-10%
10
2.10°
0.1 -2-10°
2.10°
18 — 180
6-10%
2.1-10°
1.7-107
1.1-10°
1-10°
1.7-10°
1.6-10%
- 107
- 108
- 10°
- 107

— = = Ot

—_ = Ot =

10
1.2

0.07
1000
10
4-10°
100
4
2.9
0.2
0.4
0.78
0.125
2.8
14
0.014

910!

1-10%2

600 — 1750
895
325
335
326
349

532 — 800

635 — 1600

375 — 3900

400 — 1500

400 — 1000

405 — 633
932

450 — 700

400 — 700
450
500
355

400 — 600
635
609
650

110

24

G0t
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40

41

42

43

44

MoS,
GaSe
MoTe,
WS,

Tunnel barrier

PG
PG
PG
PG
PG

46
4-10°
970
1-10°
1.1-10°

35 1-10%
4.5 1.6 - 101
1500 3.8-10!"
35 —

642

932

1064
400 — 700
532 — 3200

¢ Unless other units specified; ® Value calculated from data provided in the reference; ¢ Theoretical extrapolation;
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