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Abstract

In this thesis, I study nanoscale light-matter interactions in two-
dimensional (2d) and van der Waals (vdW) materials, with a par-
ticular focus on graphene and graphene-based heterostructures.

In part I, I begin by reviewing some key background information,
with an overview of the physics of graphene and bilayer graphene
(BLG) in chapter 1, and an overview of the wider family of 2d ma-
terials and vdW heterostructures in chapter 2.

Then in part II, I follow this with a review of the characterisation
techniques used in the rest of this thesis, with a discussion of laser-
coupled scanning probe microscopy (SPM) methods in chapter 3, and
of optical spectroscopy in chapter 4

Finally in part III, I present several original research chapters based
on work I conducted during my PhD:

Chapter 5 demonstrates spatial mapping of nanoscale strains and
doping in graphene heterostructures with Raman vector decomposi-
tion analysis, in which I reveal that variations in Raman spectra cor-
relate with nanoscale features such as cracks, bubbles and wrinkles.

In chapter 6, I build upon this by investigating bubbles in boron
nitride-encapsulated graphene with scanning near-field optical mi-
croscopy (SNOM), and reveal strongly absorbing subwavelength do-
mains for infrared light, which relate to the complex strain configur-
ations of the bubbles.

Chapter 7 focuses on a different vdW material indium selenide,
and I use Raman and photoluminescence (PL) spectroscopy to probe
strains induced by depositing the material on a patterned substrate.

Lastly, in chapter 8 I showcase different ways that data cluster
analysis, a machine learning tool, can accelerate the identification
and analysis of twisted bilayer graphene from Raman spectra.

The research presented here demonstrates that the combination of
advanced microscopy and spectroscopy with modern computational
techniques, such as vector decomposition and machine learning, can
reveal a wealth of important material properties. With these tech-
niques, I show that nanoscale features of vdW materials and hetero-
structures, such as fractures folds and bubbles, play a significant role
in determining their optoelectronic properties, particularly via their
local effects on strain and doping. This is fundamentally important
for both the design and characterisation of 2d material-based opto-
electronic devices.
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Introduction

The discovery of the two-dimensional (2d) material family promised
to revolutionise nanotechnology. The excitement was kick-started
when single layers of carbon atoms were first separated from graph-
ite to form graphene [1]. In the following years, many other 2d ma-
terials were separated from their parent van der Waals (vdW) mater-
ial and shown to be stable under ambient conditions.

These materials boast some outstanding properties. They are re-
markably strong and flexible, so they are able to withstand signific-
ant in-plane stretching and out-of-plane bending without damage.
Their atomic thinness results in an extremely high surface-area-to-
volume ratio, which makes them very sensitive to their environment.
And across the whole family, there is a wide range of individual ma-
terial properties suited to many applications [2].

The potential for 2d material applications was boosted further
with the rise of a new approach to fabrication. Individual 2d ma-
terials can be stacked on top of one another, like the layers of carbon
in graphite, and will stick together due to vdW forces. The result-
ant stacks are called van der Waals heterostructures, and they allow
different material properties to be combined in single devices [3].

This method of construction comes with huge benefits: 2d ma-
terials are atomically flat, which means they form almost ideal sub-
strates for one another [4]; the vdW force that holds the layers to-
gether also squeezes away any trapped contamination, meaning vdW
heterostructures spontaneously clean themselves [5]; and interaction
between the layers means that they often have entirely new proper-
ties, which didn’t exist in any of the constituent layers [6]. Thanks
to these advantages and others, the introduction of vdW heterostruc-
tures helped to make predictions about the superior electronic prop-
erties of 2d materials a reality.

This year will mark the 18th anniversary of graphene’s discovery
and, accordingly, the field of 2d materials is approaching adulthood.

Graphene devices are now readily available, and can be acquired
from commercial foundries instead of made one-by-one in a research
lab. This enables research into applications to progress at a faster
rate than ever. For instance, within the first few months of the Covid-
19 pandemic in 2020, scientists had already demonstrated working
prototypes of graphene-based coronavirus sensors [7]. Research into
graphene plasmonics has led to devices that squeeze light into tiny
spaces, and manipulate it electronically [8] These may become a new
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frontier for computing technology once we reach the intrinsic density
and speed limits of silicon.

And despite the maturity of the field there is still much more to
discover about graphene and vdW materials. Indeed, it was only
relatively recently that twisted bilayer graphene was unexpectedly
revealed to be a superconductor [9], triggering a whole new wave of
interest in the material.

As the focus of researchers gradually shifts from graphene to the
wider family of 2d materials [2], we should expect that there will be
many more groundbreaking discoveries in the coming years.

In this thesis, I study nanoscale light-matter interactions in vdW ma-
terials. It’s important to understand how these materials respond
to light for two main reasons. The first of these is that it enables a
wide range of optical characterisation techniques, which reveal key
details about the properties of a material. The second is that 2d
materials have tremendous potential for manipulating light in opto-
electronic devices. Light-matter interactions in 2d and vdW materials
are therefore of fundamental importance for successful device design
and fabrication.

I particularly focus on the nanoscale features of real-world devices
and heterostructures which are often neglected. I show how features
like bubbles, fractures, grain boundaries and wrinkles can alter the
properties of 2d materials, by changing the local strain, charge dop-
ing or electronic dispersion. These features become significant when
the sizes of devices are also pushed to smaller and smaller scales, and
can even be exploited to create tailored properties. But I also demon-
strate that many of the bulk properties of larger devices are actu-
ally emergent properties, stemming from the collective behaviour of
nanoscale features.

To study these effects, I use a range of scanning probe micro-
scopy (SPM) and optical microscopy techniques. I also explore how
modern computational tools, including vector decomposition ana-
lysis and machine learning tools like data clustering, can help us to
analyse the large, high-dimensional datasets acquired by these tech-
niques.

In the following years, I hope that the methods and findings presen-
ted in this thesis will assist the development of scalable, optoelec-
tronic 2d-material devices, with precise control of the nanoscale ma-
terial properties.



Part I

Background





1
Electronic and optoelectronic
properties of graphene

As the first two-dimensional (2d) material to be isolated, graphene
has been the focus of most of the research in the field. Its superlative
properties have made it one of the most exciting new materials of
the millennium. But beyond its promise for groundbreaking tech-
nological applications, it’s also fascinating thanks to the compelling
physics which governs its behaviour.

In this chapter I review the basic physics of graphene and its
bilayer. I also introduce topics explored further in the rest of this
thesis: strain effects, light-matter interactions, plasmonics, and twis-
ted bilayer graphene.

1.1 Single-layer graphene

Graphene, or single layer graphene (SLG), is formed of a one-atom-
thick layer of carbon arranged in a honeycomb lattice, as shown in
figure 1.1.

Atomic carbon has four valence electrons. In graphene, three of
these form the sp2-hybridised in-plane bonds, known as σ bonds.
The remaining electrons form 2pz orbitals, perpendicular to the lat-

A

B

a1

a2

a

Figure 1.1: Graphene lattice structure.
The diamond-shaped unit cell, and A
and B lattice sites, are highlighted. The
lattice vectors and carbon-carbon separ-
ation distance are shown by dashed and
solid arrows respectively.
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tice. These orbitals make π bonds, and are responsible for most of
the conduction behaviour in graphene.

The honeycomb lattice can be viewed as a triangular lattice with
a basis of two atoms per unit cell, referred to as A and B. The lattice
vectors can be written as

a1 =
a
2

(√
3

3

)
, a2 =

a
2

(√
3
−3

)
, (1.1)

where a ≈ 1.42 Å is the distance between neighbouring atoms [10].
Similarly, the reciprocal lattice vectors can be written as

b1 =
2π

3a

(
0
2

)
, b2 =

2π

3a

(√
3
−1

)
. (1.2)

The Brillouin zone (BZ) of graphene is shown in figure 1.2. Some
key high-symmetry points are labelled: the BZ centre, Γ; the mid-
point of the BZ edge, M; and the two inequivalent BZ corners, K and
K′.

−π 0 π

kxa

−π

0

π

k y
a

Γ

K K′M

b1

b2

Figure 1.2: Graphene Brillouin zone.
High-symmetry points are shown by
circles (coloured to match figure 1.3),
reciprocal lattice vectors are shown by
dashed arrows.

The six-fold rotational symmetry of graphene means it’s useful
to define two terms for specific equivalent orientations in the lattice:
zigzag, which can be represented by the horizontal direction in figure
1.1, and armchair, which can be represented by the vertical direction.
These are named after the shapes formed by the atoms at edges ori-
ented in each direction. Zigzag and armchair are at 30° to each other,
and a rotation from either one by 60° will result in an equivalent ori-
entation.

1.1.1 Band structure and transport properties of graphene

The π-electron band structure of graphene can be calculated using
the tight-binding approach as

E(k) = ±γ0

√
3 + f (k)− γ′0 f (k),

f (k) = 2 cos
(√

3kya
)
+ 4 cos

(√
3

2
kya

)
cos

(
3
2

kxa
)

,
(1.3)

where E is the energy of the band edges, k is the wavevector, and γ0

and γ′0 are the nearest- and second-nearest-neighbour hopping ener-
gies respectively [10]. These hopping energies relate to the incentive
for an electron to jump from one atom to another in the graphene
lattice. The resulting band structure of graphene is shown in figure
1.3 (a).

Finite values of γ′0 break the electron-hole symmetry in graphene,
leading to the asymmetry seen between the conduction and valence
bands (shown in blue and red in figure 1.3). At low energies this can
usually be neglected, and γ0 is sufficient to describe the electronic
behaviour of graphene. I therefore neglect γ′0 for the rest of section
1.1.1.

The most salient features of the graphene band structure are the
Dirac cones at the K and K′ points, where the conduction and valence
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b Figure 1.3: Band structure of graphene.
(a) Full band structure, found from
Equation 1.3 with γ′0 = −0.2γ0. High-
symmetry points and the BZ edge
are shown at the top, and coloured
to match figure 1.2 (also shown with
dashed lines at the Dirac point energy).
(b) Zoom on a single Dirac cone at the
K point.

bands meet. A close-up of a single cone in figure 1.3 (b) shows that
they meet at an infinitesimal point, known as the Dirac point. For
this reason, graphene is termed a zero-bandgap semiconductor, or
semimetal. In charge-neutral graphene the Fermi level, EF, aligns
with the Dirac point energy at EF = 0, often referred to as the charge
neutrality point (CNP).

The Dirac point carrier dispersion can be found by expanding the
full band structure close to K as

E(q) = ±h̄vF|q|+O
( |q|
|K|

)2

, |q| � |K|, (1.4)

where q = k−K is the wavevector relative to the K point, h̄ is the
reduced Planck constant and vF = 3aγ0/(2h̄) is the constant Fermi
velocity of graphene [10]. It follows that the low-energy Fermi level
in graphene can be related to the carrier density according to

EF = h̄vF|kF | = h̄vF sgn(n)
√

π|n|, (1.5)

where kF is the Fermi wavevector, and positive and negative n cor-
respond to electron and hole density.

The linear dependence of energy on wavevector leads to charge
carriers with zero effective mass. This behaviour is markedly dif-
ferent to that of massive carriers in other materials, whose velocity
depends on their energy, and is similar to the relativistic dispersions
of massless particles such as photons.

The infinitesimal overlap of the conduction and valence bands
leads to a vanishing density of states (DOS) at the Dirac point energy.
Close to the Dirac point, the DOS per unit cell can be approximated
as

ρ(E) =
3
√

3a2

πv2
F
|E|. (1.6)

This leads to a resistance maximum for charge-neutral graphene [10].
The carrier density and Fermi level in graphene can be effectively

controlled via the field effect [1]. This is usually achieved by pla-
cing the graphene on a thin dielectric spacer, then applying a bias
between the graphene and a conducting material on the other side,
in a process known as gating.
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Figure 1.4 shows an example of a typical graphene field effect
transistor (FET) on an oxidised Si wafer, with a graphene channel
between source and drain electrical contacts, and a gate formed by
the doped Si back of the wafer and thin oxide layer as dielectric. The
Fermi level, and thus the resistance, of the channel can be altered by
applying a gate voltage. In practice, there are many varying designs
for graphene FETs, which often employ different dielectrics and com-
binations of top and bottom gates.A

Vds

Vg

source

drain

graphene

SiO2

doped Si

Figure 1.4: Simple graphene FET ex-
ample.

Figure 1.5 shows a transfer curve from a real graphene FET, with
a clear resistance peak at the CNP. In this device, the CNP is not
aligned with Vg = 0 V due to an intrinsic charge imbalance in the
graphene channel. This offset, ∆V, is usually due to charge doping
from materials in contact with the graphene, such as atmospheric
gases or surface adsorbants [11]. Figure 1.5 shows that even for such
devices, gating can be used to bring the graphene to the Dirac point.

If the thickness, d, and dielectric constant, ε, of the spacer are
known, the applied Vg can be converted directly to EF by modelling
the FET as a plate capacitor as

Vg − ∆V =
EF
eq

+
neq

Cg
,

Cg =
ε0ε

d
,

(1.7)

where eq is the electron charge, Cg is the geometrical capacitance and
ε0 is the vacuum permittivity [12]. This equation is generally valid
for any capacitor with a low DOS in one plate. The first term arises
from quantum capacitance and is often negligible compared to the
second. The second term arises from the classical gate capacitance
and depends on carrier density, n, which is itself dependent on EF.
For SLG, n can be converted to EF using equation 1.5.

−30 −20 −10 0 10

Vg / V

10

12

14

16

18

R
/

kΩ

∆V

Figure 1.5: Example of an experi-
mental transfer curve from a graphene
FET. Dirac cone diagrams schematically
show the filling of states in each regime.
Dashed lines and arrow show the Vg
offset needed to reach the CNP.

1.1.2 Strain effects in graphene

Graphene’s σ bonds give it remarkable in-plane strength, meaning
it can withstand significant strains without damage. This, in com-
bination with its superior flexibility, which arises from its atomic
thinness, means its electronic and optoelectronic properties are es-
pecially susceptible to modification by strain. In recent years, this
has led to a new field of engineering, which aims to create tailored
devices in 2d materials by applying strain, and is referred to by some
as straintronics [13].

In two dimensions, strains can be represented by the biaxial strain
tensor, defined as

εbi =

(
εxx εxy

εyx εyy

)
(
where εxy = εyx

)
, (1.8)

whose components describe a linear vector transformation which
locally maps the unstrained lattice to the strained lattice. This can
vary spatially and is able to describe the full range of uniaxial, bi-
axial and mixed strain configurations.
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Figure 1.6: Pseudomagnetic fields and
scalar potentials in strained graphene.
(a-c) Topographic height profile of a
zigzag-oriented fold (a), a bubble (b),
and an armchair-oriented fold (c), col-
oured to show the resulting PMF, found
from Equation 1.12. (d-f) Correspond-
ing scalar potentials of the deforma-
tions, found from Equation 1.10. Height
profiles are modelled as Gaussian func-
tions of y, radius and x, with height
10 nm and width 20 nm. εbi is calcu-
lated from the local displacement, neg-
lecting any lateral shift.

For two neighbouring atoms, originally a distance a apart, strain
in the lattice will alter their separation. We can denote the modi-
fied nearest-neighbour distance by a(ε). This will induce a further
modification to the nearest-neighbour hopping potential given by

γ
(ε)
0 = γ0e

−βε

(
a(ε)

a −1
)

, (1.9)

where γ
(ε)
0 is the modified hopping energy and βε is a decay constant,

empirically determined to be ∼3 [14].
From equation 1.3, we can see that this will result in a change to

the electronic dispersion of graphene. In practice this change can
be represented by new scalar and pseudovector1 potential fields, Φs 1 Pseudovectors are identical to regu-

lar vectors except that their orientations
are flipped when they undergo reflec-
tion. Many common physical para-
meters, including magnetic field and
angular momentum, are described by
pseudovectors, not vectors.

and APV , added to the existing electronic potential landscape. These
can be determined from the biaxial strain tensor by

Φs = gs
(
εxx + εyy

)
, (1.10)

where gs is a coupling constant, and

APV = − h̄βε

aeq

(
εxx − εyy

−2εxy

)
, (1.11)

where the zigzag direction is oriented along the x-axis [14–16]. The
value of gs is disputed but often quoted as ∼3 eV [14]. It is also often
convenient to analyse the pseudovector potential via its correspond-
ing pseudomagnetic field (PMF), calculated as

BPMF = ∇× APV . (1.12)

Equation 1.11 reveals that the orientation of a strain to the lattice
will have a strong effect on the resulting pseudovector potential and
PMF. This is illustrated in figures 1.6 (a-c), which show the height
profile and PMF calculated for a fold along the zigzag direction, a
bubble, and a fold along the armchair direction. By comparison,
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the scalar potentials shown in figures 1.6 (d-f) do not depend on the
strain orientation.

A key feature of the pseudovector fields and PMFs is that their
influence has opposite sign for electrons in the K and K′ valleys,
meaning they have been proposed as possible mechanisms for val-
leytronic devices, which could encode information into the valley po-
larisation [16–18].

The effects of nanoscale strains on graphene have been probed
experimentally in several pivotal works.

For example one-dimensional (1d) folds, like those shown in fig-
ures 1.6 (a) and (c) have been used to fabricate devices, whose be-
haviour varies from that of a single electron transistor to that of an
electronic Fabry-Perot cavity, depending on the fold orientation [19].
And in strained graphene nanobubbles, like the one shown in figure
1.6 (b), the strong effective fields cause electrons to move in quant-
ized Landau-like orbitals, leading to discretisation of the DOS. These
have been resolved via scanning tunnelling microscopy (STM) spec-
troscopy, with measured PMFs as high as 300 T reported [20].

1.1.3 Light-matter interaction in graphene

For charge-neutral graphene, the lack of a bandgap means that a
wide range of photon energies, Eph, resonantly excite electrons from
the valence band edge to the conduction band edge. These interb-
and transitions are the dominant absorption process for light across
the near-infrared (IR), visible and ultraviolet regions of the electro-
magnetic spectrum, leading to a flat, universal absorption value of
πα f s ≈ 2.3%, where α f s is the fine structure constant [21]. This re-
gime is depicted in figure 1.7 (a).

a
allowed

blocked

2EF

b

Figure 1.7: Interband optical transitions
in charge-neutral (a) and doped (b)
graphene.

For graphene doped away from the Dirac point, certain interband
transitions are blocked due to the Pauli principle: electrons cannot
be excited to filled states, or from empty states. This process, known
as Pauli blocking [22], occurs for photons with Eph < 2EF, due to
the symmetry between the conduction and valence bands. This is
depicted in figure 1.7 (b). In this regime, light can still be absorbed
via intraband transitions due to the free carriers in graphene. This
yields a light response typical of metals, which can be described by
the Drude model of conduction. It is typically the dominant absorp-
tion process for light in the terahertz region.

The degree of light-matter interaction can be quantified through
the frequency-dependent optical conductivity, σ(ω), which relates
the current density, J, to the light’s electric field,2 E, as

2 I use a capital E to represent both en-
ergy and electric field. Electric field (a
vector quantity) will always be printed
in bold to avoid ambiguity.

J(ω) = σ(ω)E(ω),

E(ω) = E0e−iωt,
(1.13)

where E0 is the field amplitude, t is time, and i is the imaginary unit.
The random phase approximation (RPA)3 [22] can be used to cal-

3 In this thesis I discuss only the local
RPA. For detail on the k-dependent
non-local RPA see references [22, 23].

culate the optical conductivity, taking into account both inter- and
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intraband processes:

σ(ω) =
2e2

qTi
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4iω
π

∫ ∞

0

H(ω′)− H
(

ω
2
)

ω2 − (2ω′)2 dω′
]

,

(1.14)

where τ is the carrier relaxation time, T is the temperature, kB is the
Boltzmann constant and

H(ω) =
sinh

(
h̄ω
kBT

)

cosh
(

EF
kBT

)
+ cosh

(
h̄ω
kBT

) .

The first term in Equation 1.14 reduces to the Drude model as
T → 0 and describes the contribution from intraband scattering. The
second term describes the contribution from interband scattering.
For Eph � 2EF, the equation tends to the universal conductivity
value of graphene

σ0 =
πe2

q

2h
, (1.15)

where h is the regular Planck constant.
Figure 1.8 shows the calculated optical conductivity as a function

of wavelength, λ. For the sake of generality, I have shown σ in units
of σ0, Eph in units of EF and λ in units of λF = EF/(hc0), where λF is
the wavelength of light with energy EF, and c0 is the speed of light in
vacuum. The regions either side of the Pauli transition are labelled
according to which type of electronic transitions dominate the ab-
sorption characteristics: interband for the high-absorption regime on
the left, and intraband for the Drude regime on the right.
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Figure 1.9: Doping dependence of
graphene’s optical conductivity. Real
part of σ calculated with Equation 1.14,
using vF = 106 ms−1, T = 300 K and
τ = 500 fs. The white circles show the
Pauli transition centre for each EF .

The conductivity in figure 1.8 was calculated using a low tem-
perature of T = EF/(100kB) to better show the transition between
regimes. At higher temperatures the transition is broadened due to
Fermi-Dirac statistics.

Figure 1.9 shows the real part of σ calculated at room temperature
for a typical range of doping values in graphene devices. It shows
the changing wavelength of the Pauli transition, at EF/(2hc0), across
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Figure 1.10: Diagram of PPs in
graphene. (a) A free-standing single
layer of graphene at z = 0 (white
rectangle), with positive and negative
charge density indicated by + and -.
Colours show the z-component of the
E-field and curved arrows indicate the
field direction. (b) Magnitude of the
E-field decays exponentially with dis-
tance from the graphene.
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z + + + - - - + + + - - - + + + -

λPPa
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the IR region. This indicates that the optical response of graphene in
the IR depends strongly on doping.

It is often useful to model graphene with a volumetric permittivity
instead of a delta-function conductivity.4 This can be found using4 For example, when modelling scan-

ning near-field optical microscopy
(SNOM) measurements of multilayer
heterostructures, as described in
section 3.2.1.

ε = εr +
iσ (ω)

ε0ωd
, (1.16)

where εr is the relative background dielectric function and d is the
thickness of the graphene [24].

1.1.4 Graphene plasmonics

One reason that graphene is a highly sought-after material for applic-
ations in the mid-IR is that it supports uniquely confined, long-lived
and tunable plasmon polaritons (PPs) [22].

PPs are hybrid light-matter quasiparticles, formed of electromag-
netic (EM) waves travelling parallel to the surface of a 2d conductor,
strongly coupled to oscillations in the density of the mobile charge
carriers. These charge density oscillations are called plasmons, and
they can exist in bulk as well as 2d materials.

Figure 1.10 (a) shows a side-on schematic of a PP in SLG. Polar-
isations in the charge density of the graphene induce electric fields
at the surface, which can in turn induce further electric polarisations
to the material. For certain oscillation frequencies, ω, this forms a
propagating wave, with wavelength λPP and energy h̄ω.

The fields in a PP are evanescent, meaning they decay exponen-
tially from the surface and do not propagate away from the material
as shown in 1.10 (b). We refer to EM phenomena like these as near-
field oscillations to distinguish them from regular far-field light, which
does propagate away from the material.

On top of this surface confinement, PPs also have a remarkable
degree of in-plane spatial confinement, which means that λPP is typ-
ically much shorter than the wavelength of a far-field EM wave with
the same energy. This is a very attractive property for the field
of nanophotonics, the science of manipulating light at much lower
length scales than would usually be allowed by the diffraction limit.

Similar plasmonic quasiparticles called surface plasmon polari-
tons (SPPs) exist at the interfaces of bulk conductors. The practice
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Figure 1.11: Dispersion of PPs in
graphene calculated with equations
1.14 and 1.17, using ε = 2, vF =
106 ms−1, T = 0 K and τ = 500 fs.

of exploiting PPs and SPPs for nanophotonics is often referred to as
plasmonics. Efforts have historically focused on metals, particularly
gold and silver, however these have been limited by losses in the
materials, which mean that SPP excitations decay quickly over short
length scales. A significant advantage presented by graphene is that
its PPs are much more long-lived.

We can discuss this more quantitatively by referring to the com-
plex PP wavevector, which describes the plasmonic dispersion. For
graphene doped above the Pauli threshold,5 this can be calculated 5 Below this doping, interband trans-

itions should dominate the light-matter
interaction, meaning the optical con-
ductivity deviates from Drude-type be-
haviour and we should not expect a sig-
nificant contribution from PPs.

from

kPP (ω) ≈ i
ε0ε (ω)

σ (ω)
ω (1.17)

where ε (ω) is the sum of the frequency dependent permittivities of
the materials above and below the graphene [25]. The real part of
kPP is related to the PP wavelength as

|Re (kPP)| =
2π

λPP
, (1.18)

and the imaginary part relates to the lifetime of the oscillation. This
is typically described using the inverse damping ratio, given by

γ−1
D =

|Re (kPP)|
|Im (kPP)|

, (1.19)

which gives the phase (number of oscillations times 2π) a PP can
propagate before losses reduce its amplitude to e−1 times its starting
value.

Inverse damping ratios for metal SPPs can be up to ∼36 [26],
whereas values as high as 130 have been measured for hexagonal
boron nitride (hBN)-encapsulated graphene PPs at cryogenic tem-
peratures [26]. For lower mobility samples on less ideal substrates
and at higher temperature, this will be reduced due to an increase in
scattering-related losses.

A significant advantage presented by graphene is the electrical
tunability of its plasmonic dispersion. I showed in section 1.1.3 that
the optical conductivity of graphene, σ (ω), depends strongly on the
Fermi level, which can be effectively tuned using the field effect. By
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substituting equation 1.14 into 1.17, we can calculate the frequency
dispersion of PPs at arbitrary doping.

Figure 1.11 shows the dispersion and inverse damping ratio cal-
culated at a range of Fermi levels, for free-standing graphene. This
shows that for a PP of a particular energy, its wavelength can be ef-
fectively controlled electrically by gating, a feature which has been
exploited to great effect in subwavelength optical modulation devices [8].
It also shows that the highest inverse damping ratios, and therefore
longest lasting PPs, exist at highest doping.

Another often-used figure of merit in plasmonics is the confine-
ment factor, given by

βPP =
λ

λPP
=
|Re (kPP)|

k
, (1.20)

where λ and k are the wavelength and wavenumber of the corres-
ponding far-field light with the same energy. For graphene this can
be as high as 150 [23].

One reason for this is the 2d nature of graphene. In the case
where the thickness of a metal is shorter than its skin depth, plas-
mons can couple to EM waves at both interfaces (as depicted in fig-
ure 1.10), which leads to stronger confinement of the electric fields.
As graphene is only a single atom thick, it can be seen as the ultimate
realisation of this effect [27].

High βPP values are key for nanophotonics, as they allow mini-
aturisation of devices, but they also present a problem when trying
to couple far-field light into PPs. In any interaction, both energy and
momentum must be conserved. This means that to excite a PP, the
in-plane component of the far-field wavevector, k‖, must be equal to
Re (kPP). But for any non-unity βPP value, there is a momentum
mismatch between the PP and the far-field light, which needs to be
overcome.

A typical way to achieve this in graphene is to put nanoparticles or
metal contacts in contact with the material. These act as antennas for
the far-field light, and the small size or sharp aspect ratio provides
the necessary momentum to overcome the mismatch.

A common technique to image plasmonic behaviour is SNOM,66 For more details on this technique see
section 3.2. which uses a laser focused on a sharp metal tip to both excite and

detect PPs. Figure 1.12 is a SNOM image taken from a chemical
vapour deposition (CVD) graphene sample It shows typical bright

Figure 1.12: Example image of PPs in
graphene. (a) Topography image show-
ing the height of the sample as determ-
ined by atomic force microscopy (AFM)
(see chapter 3). Other materials present
are labelled: the sapphire substrate,
MoS2 (see section 2.1.2), and some
TBLG (see section 1.2.2) formed by
folds in the graphene. (b) SNOM reflec-
tion image showing the in-phase com-
ponent of the near-field scattered light.
PPs are visible as bright fringes around
features in the graphene. The far-field
excitation wavelength was 10 µm.
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fringes around adsorbed nanoparticles, where PPs are excited, and
edges, where PPs induced by the sharp tip are reflected back to form
standing waves. The low mobility and high disorder in this sample
means that PPs decay quickly, such that only one fringe is discernible
in the standing waves.

1.2 Bilayer graphene

Bilayer graphene (BLG) is formed of two layers of graphene, stacked
one atop the other. It has distinct properties from SLG, which make
it an interesting material in its own right.

Figure 1.13 shows the structure of a common form of BLG, known
as AB-stacked7 or Bernal-stacked bilayer. In this configuration, both 7 This name derives, not from the A

and B atoms in the graphene unit cell,
but from the labels given to alignments
of hexagonal close-packed structures in
crystallography.

graphene layers have the same orientation, the A atoms of one layer
are aligned above or below the B atoms of the other layer, and the re-
maining atoms are aligned with the gaps in the middle of hexagonal
cells.

This is the most energetically favourable alignment for the two
layers, and it is the typical form for BLG which has been mechan-
ically exfoliated from bulk graphite. Other possible alignments are
referred to as twisted bilayer graphene (TBLG), which will be dis-
cussed in 1.2.2. In the rest of thesis, when I refer to BLG it will
generally mean Bernal-stacked bilayer.

bottom

top
A B Figure 1.13: Bernal-stacked bilayer

graphene. Vertical alignments between
the top and bottom layers are shown by
dashed lines.

1.2.1 Band structure of bilayer graphene

In a tight binding approach, electronic coupling between the two
layers of BLG means that additional hopping parameters, accounting
for electrons moving between atoms in the top and bottom layers,
must be considered. In this thesis I shall only consider the potential
associated with an electron hopping to or from its immediate vertical
neighbour, γ1 [10].

The K-point dispersion for SLG and BLG are shown in figures
1.14 (a) and (b). Accounting only for hopping potentials γ0 and γ1,
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Figure 1.14: Bilayer graphene K-point
band structure. (a) SLG Dirac cone,
shown for comparison. (b) BLG
band structure, calculated from equa-
tion 1.21, using γ1 = γ0. (c) BLG band
structure in an electric field, calculated
from equation 1.22, using γ1 = γ0 and
∆EF = 2γ0/3.
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the BLG band structure can be approximated by

E(q) = ±

√√√√
v2

F|q|2 +
γ2

1
2
±
√

γ2
0v2

F|q|2 +
γ4

1
4

. (1.21)

This results in a pair of bands which touch at an infinitesimal point at
charge neutrality, as for SLG, but with parabolic, rather than linear
dispersion (marked with solid lines) as well as an additional pair
of bands, which are displaced in energy by ±γ1/2 (marked with
dashed lines).

If bilayer graphene is placed in a vertically oriented electric field,
a difference in Fermi level, ∆EF, will be induced between the layers
by the field effect. This will modify the electronic dispersion to

E(q) = ±

√√√√∆E2
F

4
+ v2

F|q|2 +
γ2

1
2
±
√
(
γ2

0 + ∆E2
F
)

v2
F|q|2 +

γ4
1

4
. (1.22)

As shown in figure 1.14 (c), this results in the formation of a bandgap,
and a transition from a semimetal to a semiconductor [10]. This is
an important result, as it shows that the bandgap of BLG can be
effectively controlled in devices by electrical gating.

1.2.2 Twisted bilayer graphene

When the top and bottom BLG layers are rotated relative to each
other, a material called twisted bilayer graphene (TBLG) is formed.
The properties of TBLG depend strongly on the twist angle, θt, and
specific angles lead to a diverse range of exotic and unexpected be-
haviours including superconductivity [9], correlated insulator phases
[28] and ferromagnetism [29].

This tunability arises from the moiré pattern which is introduced
by non-zero twist angles. These are composed of alternating regions
of in- and out-of-phase alignment between the constituent lattices.
Figure 1.15 shows moiré patterns for three different twist angles with
the periodicity indicated by arrows. Small twist angles lead to large
moiré periods, which shrink with increasing θt up to the maximum
misalignment at 30°, after which further twisting actually reduces the
misalignment because of the 6-fold rotational symmetry of graphene.

Moiré patterns therefore introduce a twist-dependent superlattice
potential, which interacts with the existing graphene lattice and leads
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θ t =
0°

θ t =
5°

θ t =
10° Figure 1.15: Moiré patterns in TBLG.

Arrows indicate the moiré period for
the non-zero twist angles.

to modification of the electronic dispersion. A qualitative description
of a mechanism for these changes at small angles is presented in
figure 1.16.

To begin with, it is easiest to think of the top and bottom lay-
ers as independent sheets of SLG, with no electronic coupling. A
rotation in real space also appears as a rotation by the same angle
in reciprocal space. This means that the BZs associated with each
layer will be rotated relative to each other by θt, as depicted in figure
1.16 (a). This causes an offset to the K and K′ points and there-
fore pairs of overlapping Dirac cones, as shown by the cross-section
in figure 1.16 (b). If we now consider the effects of the electronic
coupling of the top and bottom layers, the result is a hybridisation
of the individual band structures, where band edge intersections are
replaced with avoided crossings [28].

At different twist angles, these intersections will appear at differ-
ent energies and k-space positions, which results in a complicated
formation of new bands. At certain low twist angles, termed ma-
gic angles, these bands are extremely flat, which leads to a vanishing
Fermi velocity and leads TBLG to behave as either a superconductor
or correlated insulator [9, 28].
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Figure 1.16: Qualitative description of
TBLG twist dependence. (a) BZ of
TBLG. (b) Cross-section of the K-point
band structure of TBLG taken from the
location indicated in (a).
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1.3 Conclusions

In this chapter I presented a brief overview of some of the most im-
portant physics governing the behaviour of graphene. I have shown
that, despite its simple structure, it boasts a wide range of exciting
properties which make it attractive for electronic and optoelectronic
applications. In the rest of this thesis, I will study these in detail, as
well as the properties of other van der Waals materials and hetero-
structures, which are introduced in the following chapter.



2
Van der Waals materials
and heterostructures

The family of two-dimensional (2d) materials is rich and diverse,
but some of the most exciting materials are still often overshadowed
by graphene, their more famous cousin. This is likely to change,
as more and more research is published on the exotic properties of
non-graphene 2d materials.

Most of these of these materials have a bulk form similar to graph-
ite, in which the atoms lie in covalently bonded sheets held together
by van der Waals (vdW) forces. For this reason they are often re-
ferred to as vdW materials, a term which includes their bulk form, as
well as their few- and monolayer forms. Much of the groundbreak-
ing work today focuses on the varied effects of layering different 2d
materials into stacks called, vdW heterostructures.

In this chapter I give an overview of the properties of some of the
most common vdW materials today, including a discussion of some
of the different methods to produce them. I also cover the properties
of vdW heterostructures, with a section on bubble formation and
self-cleaning behaviour which will be important later in this thesis.

2.1 Van der Waals materials beyond graphene

2.1.1 Hexagonal boron nitride

Monolayer hexagonal boron nitride (hBN) is structurally very similar
to graphene [30], as shown by the diagram in figure 2.1. It also has
a planar hexagonal structure with a two-atom basis, but with the A
and B carbon atoms replaced with boron and nitrogen atoms.

However unlike the pure covalent bonds in graphene, the boron
and nitrogen atoms in hBN form polar covalent bonds, which mean
that hBN is effectively an insulator with a wide indirect bandgap of
∼6 eV [4].

It is often used in its few-layer or bulk form. By far, the most
common use for hBN is as an insulating substrate and capping layer
for graphene and other 2d materials, which is discussed in detail in
section 2.2.1. But it also has some interesting properties of its own.

Many materials are birefringent, which means that their refractive
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Figure 2.1: Hexagonal boron nitride lat-
tice structure.. The structure is depic-
ted in top-down, and two side-on pro-
jections. nitrogen

boron

y

z

y

x

z
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index is different along different crystal axes, however hBN has a
specific kind of birefringence known as optical hyperbolicity [31].
This means that not just the magnitude, but also the sign, of the
refractive index is different, which results in an extreme anisotropy
of the dispersion of light through the material. These materials can
be used for applications like diffraction-beating hyperlenses [32, 33].

hBN

SiO2

folded hBN

1 µm

Figure 2.2: Example image of hyper-
bolic phonon polaritons (HPhPs) in
hBN. SNOM third-harmonic amplitude
scan, captured at 1550 cm−1.

There are two kinds of optical hyperbolicity, referred to as types I
and II, which vary according to whether only one or two axes have a
negative real part of the refractive index. hBN features both of these
in different frequency bands, called the upper and lower reststrahlen
bands, which occur for light of wavelengths around 6.2-7.3 and 12.1-
13.2 µm [31]. For both bands the anisotropy is between the in- and
out-of-plane directions of the crystal.

One consequence of the hyperbolicity is that in the reststrahlen
bands, phonons1 in the hBN can couple strongly to infrared (IR)1 Quasiparticles associated with vibra-

tions in a crystal lattice. light to form a combined light-matter oscillation called a phonon
polariton [34, 35]. These are similar to the graphene plasmon polari-
tons (PPs) discussed in section 1.1.4, but the charge polarisation is
associated with the vibration of bound charges, rather than with os-
cillations in the density of free carriers. As these occur in the bands
where hBN is hyperbolic, they are often referred to as HPhPs.

An example of a scanning near-field optical microscopy (SNOM),22 For more details on this technique see
section 3.2. image showing HPhPs in the upper reststrahlen band of hBN, reflect-

ing from the edges of a flake and launched from a fold is shown in
figure 2.2.
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Figure 2.3: transition metal dichalco-
genide (TMD) lattice structure. The 2H
phase is depicted in top-down, and two
side-on projections. The label “metal”
here refers specifically to the transition
metals.

2.1.2 Transition metal dichalcogenides

TMDs are a group of 2d layered materials with the chemical formula
MX2, where M represents a transition metal atom, commonly W or
Mo, and X represents a chalcogen atom, S, Se or Te [2].

There are multiple stable phases for TMD atomic configurations,
but they are typically studied in their 2H phase, which is shown in
figure 2.3. Unlike graphene and hBN, a monolayer of a TMD consists
of three separate atomic layers, with the metal atoms sandwiched
between two layers of chalcogen atoms. For this reason figure 2.3
shows both top-down and side-on views of the lattice. The top-down
view shows that despite the displaced chalcogen atoms, the in-plane
structure is still hexagonal in form.

TMDs are semiconductors, which lends them much more promise
for optoelectronic applications than the gapless graphene. Particu-
larly so because when they are thinned down from bulk to mono-
layer, they undergo a transition from an indirect to a direct bandgap
at the K and K′ points [36]. This can be shown experimentally by
an extreme enhancement of the photoluminescence (PL)3 emitted by 3 For more detail on this technique see

section 4.1.2.the monolayer compared to bilayer, when they are excited by light
with energy above their bandgap [37].

This PL results from quasiparticles called excitons, composed of
a coulombically bound conduction band electron and valence band
hole. These are created when a photon promotes an electron above
the bandgap, and their recombination leads to light emission at the
difference between the bandgap and exciton binding energies. Com-
pared to bulk semiconductors, 2d TMDs have very weak dielectric
screening and high spatial confinement of charge carriers. This leads
to very high binding energies, meaning TMD excitons persist, even
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at room temperature, which makes them exciting candidates for a
range of applications including light detection and emission, as well
as spin- and valleytronic devices [2].

2.1.3 Post-transition metal chalcogenides

Post-transition metal chalcogenides (PTMCs), also called III-VI com-
pounds, are a group of 2d layered materials composed of group-III
atoms, typically In or Ga, and chalcogen atoms. These can have dif-
ferent stoichiometries, AX or A2X3, where A represents a group-III
atom and X represents a chalcogen atom, and can exist in multiple
phases for each stoichiometry [38].

Figure 2.4 shows the structure of AX PTMCs in their γ phase.
This is similar to that of the 2H-TMDs, except instead of a 3-atomic-
layer structure, there are four layers, with a bilayer of group-III atoms
sandwiched between the chalcogens.4 Once again, the top-down4 For A2X3 compounds, which I haven’t

shown here, there are typically five lay-
ers, which alternate XAXAX.

view of the structure shows the in-plane structure is hexagonal [2].
Indium selenide compounds are the most studied of the PTMCs,

and they have shown some distinct properties from those of many
other 2d materials. Like the TMDs, InSe is a semiconductor, but
conversely to TMDs it has a direct bandgap in its bulk form which
becomes indirect when it is thinned down to monolayer [39]. The
bandgap energy also increases significantly with fewer layers [40].
On top of this, InSe has also shown much higher values of electron
mobility than TMDs [41], as well as an anomalously low thermal
conductivity [42].

The properties of γ-phase InSe are studied in chapter 7.

Figure 2.4: PTMC lattice structure. The
γ phase, with AX stoichiometry, is
depicted in top-down, and two side-
on projections. The label “metal”
here refers specifically to the group-III
metals.
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2.1.4 Other 2d and van der Waals materials

So far, I have introduced some of the most commonly studied mater-
ials of today, with a particular focus on those materials used in my
own research. But the modern family of 2d materials is far vaster
than I could cover in a single chapter, and is expanding every day.

On top of the conducting, semiconducting and insulating beha-
viour I’ve already introduced, many other desirable material prop-
erties have now been demonstrated in 2d materials, including mag-
netism [43, 44], piezoelectricity [19], ferroelectricity [45] and even
superconductivity [9, 46].

For a comprehensive review of non-graphene 2d materials, you
can read our paper Opportunities in electrically tunable 2D materials
beyond graphene: Recent progress and future outlook in the journal Ap-
plied Physics Reviews (see Dissemination).

2.1.5 Fabricating 2d materials

There are many ways to produce vdW materials, which vary in terms
of their yield, purity, defect density and number of layers of the
samples produced [47]. In this section I’ll give a brief overview of
two of the most common techniques today, restricting the discussion
to the techniques which produced samples used in this thesis.

Mechanical exfoliation Also referred to as the Scotch tape method,
this is the first method by which any 2d materials were isolated [1].

It involves repeatedly pressing a bulk vdW crystal between two
pieces of adhesive tape, then pulling them apart. As this happens
the bulk crystal remains stuck to the adhesive, so it cleaves along the
weak vdW planes. After several iterations, the tape will have a high
coverage of few layer crystals and it can be pressed against a desired
substrate. Finally, when the tape is peeled back, vdW forces mean
that the few layer crystals cleave once more, leaving a high coverage
of few- and monolayer crystals behind.

An advantage of this technique is the low defect density and high
purity of the crystals produced, which means it is still typically the
method of choice for producing high-mobility samples for electronics
and optoelectronics research [9, 11]. However a significant drawback
is that the method is non-deterministic, meaning lots of time must
be spent inspecting the substrate to search for crystals of the desired
thickness. This means it is not easily scalable, so it is more suited to
research than to mass production.

Chemical vapour deposition This is a growth technique which can
produce a range of 2d material samples and heterostructures [48].

There is wide variation in how chemical vapour deposition (CVD)
is performed but in all methods, a substrate is placed in a reaction
chamber with a controlled environment consisting of one or more
volatile precursor gases. These precursors react to form thin films
of a desired material on the growth substrate, so they must have
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the correct elemental makeup. Different substrates are successful for
growing different materials, often chosen so that they both catalyse
the reactions and have a well-matched crystal structure to promote
epitaxial growth. Examples of typical combinations of precursors
and substrates include CH4 for graphene growth on Cu [49–51], and
WO3 and S for WS2 growth on Sapphire [52, 53].

CVD has a number of advantages. Multiple stages of growth
can be performed sequentially, and it is possible to use 2d materi-
als themselves as growth substrates for others. This means that CVD
can be used to directly grow 2d-material heterostructures, both ver-
tically [54–57] (see section 2.2), and in-plane [58]. On top of that,
CVD has a high yield and can achieve full substrate coverage, mak-
ing it attractive for commercial applications.

However there are downsides too. Typically CVD samples have
a higher defect density than mechanically exfoliated ones, and they
are often highly polycrystalline, meaning their carrier mobilities are
limited by scattering. Additionally, the best growth substrate is not
always an ideal substrate for real applications, and it is often tricky
to transfer the materials without incurring damage or adding con-
tamination.

2.2 Van der Waals heterostructures

In the section above, I discussed the unique and exciting properties
of individual 2d and vdW materials. VdW heterostructures further
expand the horizons of what is possible in two dimensions, by stack-
ing different vdW layers to create brand-new materials with an even
wider range of controllable properties [3].

Layers in these structures are glued together with the same vdW
forces that hold bulk crystals together. We can use this concept to
build fully 2d devices, which take advantage of the varied range of
exotic properties available, and retain the benefits of 2d materials.
For example, a field effect transistor (FET) with a high on-off ratio
and exceptionally high carrier mobility can be made using a semi-
conducting TMD as a channel; conductive graphene for the source
and drain electrodes; and insulating hBN as a substrate and gate
dielectric [59].

But the advantages of vdW heterostructures are not just from the
combination of different material properties. When two materials are
layered together, the resulting stack often has entirely new proper-
ties, which didn’t belong to either constituent layer [3].

For one example, stacks of two different monolayer TMDs sup-
port long-lived interlayer excitons, formed when an electron or hole
in a regular exciton tunnels from one material to the other [60–63].
As another, graphene PPs and hBN HPhPs can hybridise in hetero-
structures of the two materials, leading to altered polaritonic disper-
sion [23, 64]. Additionally, moiré periods which result from layering
two materials with a different lattice constant add a superlattice po-
tential,5 which modifies the electronic dispersion and can result in

5 This is similar to the mechanism
which governs twisted bilayer graphene
(TBLG), discussed in section 1.2.2.
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the appearance of exotic behaviour such as the Hofstadter butterfly
and fractal quantum hall effect [11, 65, 66].

2.2.1 Hexagonal boron nitride encapsulation

One of the foremost advances to come from the introduction of vdW
heterostructures was the practice of encapsulating 2d materials with
hBN. This was first demonstrated for graphene, and removed two
significant barriers to the electronic performance of graphene devices.

The first of these barriers I will discuss is the charge puddling that
occurs in graphene when it is placed on an imperfect substrate. The
de facto standard substrate before hBN encapsulation was SiO2, but
this suffers from a rough surface6 and charged surface states, which 6 This adds an inhomogeneous strain

field to the graphene. See section 1.1.2,
for why this presents an issue.

lead to small charge puddles to the graphene, ∼20 nm in size [67].
This leads to a short electronic scattering length and a corresponding
limit to the carrier mobility [4].

By contrast, hBN has an atomically flat surface, it is expected to
be free from dangling bonds and charged impurities, and, as boron
and nitrogen neighbour carbon in the periodic table of elements, the
lattice constant of hBN is only slightly larger than that of graphene,
with a mismatch of ∼1.8 % [30].

This makes it an ideal substrate for graphene devices. Indeed,
for graphene on hBN, the size of the charge puddles is increased to
∼800 nm [67]. This leads to a much longer scattering length and an
exceptionally high carrier mobility [11, 68].

SiO2

SiO2

bottom hBN

top hBN

a

b 1d edge contact

2d surface contact

Figure 2.5: Contacting encapsulated
graphene. (a) A 2d surface contact,
with metal deposited over graphene.
(b) A one-dimensional (1d) edge con-
tact, with metal deposited over an
etched encapsulated graphene hetero-
structure.

The second barrier overcome by encapsulation is environmental
doping. As for all 2d materials, the high surface-to-volume ratio of
graphene means that its properties are incredibly sensitive to any
molecules which come into contact with it. Atmospheric contamin-
ants which adsorb onto the graphene’s surface therefore dope the
material in an uncontrollable way. A second capping layer of hBN
covering the graphene means that the active surface is protected from
the environment making devices significantly more stable [11].

Though I have used the example of encapsulated graphene, the
benefits of hBN encapsulation described above are equally applicable
to almost any other 2d material. However, the final advantage of the
encapsulation I will discuss is particularly relevant to graphene: 1d
edge contacts.

A particularly difficult aspect in fabricating 2d material devices
is making electrical contact to the materials. If a device is limited
by an overly high contact resistance, any benefits given by superior
electronic quality of the active materials will be rendered irrelevant.

One way to contact graphene is by depositing metal onto its sur-
face as depicted in figure 2.5 (a). However as graphene has no surface
bonding sites, there is no orbital hybridisation between the graphene
and metal, which leads to high contact resistances.

Another approach is shown in 2.5 (b). An encapsulated graphene
heterostructure is etched to expose the 1d edge of the graphene, then
metal is deposited over this edge, typically a mixture of Au and Pd
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with a Cr adhesion layer. In this case, graphene’s dangling σ bonds
are free to hybridise with the orbitals of the Cr, which leads to very
low contact resistance [69].77 For non-graphene 2d materials, this

approach is not so effective. The typical
way to make low resistance contacts to
them in encapsulated heterostructures
is by layering them with graphene,
which acts as an electrode, then mak-
ing a 1d contact to the encapsulated
graphene [59]. 2.2.2 Bubble formation and self cleaning

A crucial feature of vdW heterostructures is their self-cleaning beha-
viour.

All materials which are exposed to the atmosphere are covered in
a thin layer of loosely bound surface contamination, typically com-
posed of adsorbed water and short-chain hydrocarbons [5], as shown
in figure 2.6 (a). This could present a problem when stacking 2d ma-
terials: if there is a coating of contamination sandwiched in between
the layers of our stack, then the idea of a vdW heterostructure with
only a perfect, atomically clean vdW gap between materials will no
longer be valid.

But thankfully, when two 2d material are stacked, the vdW forces
between them combine with the elastic potential of the material to
exert a pressure on the trapped contamination. The competing forces
act to squeeze the contamination into isolated pockets, minimising
the potential energy and promoting bubble formation. Between the
bubbles, the interfaces in the vdW heterostructure are indeed atom-
ically clean [3, 5, 70]. This process is shown in figure 2.6 (b).

Without this self-cleaning behaviour, vdW heterostructures would
not be able to function as well as they do. Once the bubbles have
formed, the sample can be rendered even cleaner by squeezing the
bubbles with an atomic force microscopy (AFM) tip, forcing them to
the edge of the active region [71, 72].

The bubbles which are formed are interesting to study in their
own right, as they introduce highly localised strains to 2d materials.
As I discussed for graphene in section 1.1.2, this alters the electronic
properties of the material, which can lead to some remarkable res-
ults. A key demonstration of this for non-graphene 2d materials is
that nanoscale bubbles in TMD heterostructures act as highly local-
ised PL emitters thanks to strain-induced exciton funnelling [73].

Figure 2.6: Self cleaning in vdW hetero-
structures. (a) All materials in ambient
conditions are coated with a thin layer
of surface contamination. (b) When
the materials in a vdW heterostructure
are layered together, vdW pressure pro-
motes bubble formation, leaving atom-
ically clean interfaces elsewhere.

bottom layer

top layer

surface contamination

a van der Waals pressure

bubbles

b
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2.2.3 Fabricating van der Waals heterostructures

There are a number of ways to prepare vdW heterostructures, which
vary in terms of their speed, difficulty, and the cleanliness of the
resulting samples [74]. In this section I’ll describe an example of one
method of transfer, which is similar to the one used to create the
encapsulated graphene sample in chapter 6.

Figure 2.7 shows diagrams of the steps used, numbered 1 to 6. I
describe each step in detail below:

1. Using mechanical exfoliation (see section 2.1.5), hBN is deposited
onto a SiO2 substrate which has been spin coated with two layers
of polymer. The first layer is (poly)vinyl acetate (PVA), which
is soluble in water, and the second is (poly)methyl methacrylate
(PMMA), which is not.

2. The substrate is inspected and a flake of hBN of the desired size
and thickness to be a capping layer is identified. A line is cut
through the polymers, to define a circular membrane centred on
the chosen flake. Water is carefully dripped around this hole (en-
suring none covers the top of the membrane), which is drawn
under the PMMA by capillary action, dissolving the PVA and re-
leasing the membrane.

3. The membrane is picked up, inverted and affixed to a microma-
nipulator under a microscope with a long working distance ob-
jective. The micromanipulator can move the sample precisely in
x, y and z directions, relative to the microscope stage, which can
also be moved,8 and the microscope can focus through the trans- 8 The stage can be moved in x, y and z,

and often rotated too, which is useful
for preparing twisted vdW heterostruc-
tures [75]

lucent membrane to see the alignment of the hBN capping layer
with a sample on the stage underneath.

4. A suitable flake is identified from graphene exfoliated onto SiO2.

5. Using the micromanipulator, the hBN capping layer on the mem-
brane is lowered onto the graphene. The goal is now to lift the

graphene

SiO2

hBN

PVA

PMMA

Figure 2.7: Transfer of 2d materials. An
example showing the steps involved in
preparing encapsulated graphene. De-
tailed descriptions of steps labelled 1 to
6 are given in the text.
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graphene using the vdW forces between it and the hBN. Whether
the graphene sticks to the hBN or stays on the SiO2 depends on
a number of factors which can be experimented with, including
the speed that the membrane is lifted and the temperature of the
substrate.

6. A suitable flake to act as a substrate for the graphene and hBN
capping layer, which are now both held on the membrane, is iden-
tified from hBN exfoliated onto SiO2. The membrane is once again
lowered onto the target flake, but this time, it is lifted to leave the
whole hBN-graphene-hBN stack on the substrate.99 Alternatively, the entire membrane

can be left on the substrate and cleaned
away with solvents. This relies on
the hBN encapsulation to protect the
graphene from contamination, but will
still leave contamination on the hBN
surface.

Though I used the example of encapsulated graphene, this tech-
nique can be applied to create stacks of any arbitrary 2d materials,
where the vdW force from each layer is used to pick up the next.
One advantage of this method is that, if every stage of the transfer
goes smoothly, then only the top layer of the heterostructure, usually
hBN, will have contacted the polymer membrane, which significantly
reduces the amount of contamination.

2.3 Conclusions

In this chapter, I introduced the wider family of non-graphene 2d
and vdW materials, and vdW heterostructures. I also reviewed some
of the fabrication techniques used to create them and incorporate
them into devices.

This concludes part I of this thesis, which described the important
physical background of the materials I studied. In part II, I will move
on to discuss the measurement techniques which I used to carry out
my research.



Part II

Characterising
van der Waals materials





3
Laser-coupled scanning probe
microscopy techniques

The most interesting features of two-dimensional (2d) materials ex-
ist on the nanoscale, far below the diffraction limit of conventional
optical microscopy. Such tiny features need specialised microscopy
techniques to be resolved. Since its invention in the 1980s [76, 77],
scientists have used scanning probe microscopy (SPM) to image ma-
terials with sub-nanometre resolution. Today, it has expanded to
encompass a whole family of related techniques, which can be used
to probe a diverse range of nanoscale material properties.

SPM techniques which combine atomic force microscopy (AFM)
with laser illumination, such as scanning near-field optical micro-
scopy (SNOM), are particularly powerful for studying sub-diffraction
light-matter interaction. In this chapter, I explain the basic principles
of AFM, before going into further detail on some of the AFM-derived
techniques used in the rest of this thesis.

3.1 Basics of atomic force microscopy

An AFM produces high-resolution images by sensing a sample’s sur-
face with a mechanical probe.

Figure 3.1 shows a schematic of a typical experimental setup. At
the heart of the microscope is the AFM tip, which consists of a flex-
ible cantilever, usually ∼100 µm in length, with a sharp probe at its
end. The size of the probe’s apex governs the microscope’s lateral
resolution, which is typically ∼20 nm, but may be even smaller.

When the tip is moved close to a sample, forces between the probe
and the sample’s surface cause the cantilever to bend, or deflect.
Many different forces, including van der Waals forces and Pauli re-
pulsion, contribute to the net probe-sample force, and different forces
dominate at different distances. This means the probe may experi-
ence either attractive or repulsive forces, depending on its height.

The deflection is measured by reflecting a laser from the back of
the cantilever onto a four-quadrant photodiode. Any bending of the
tip shifts the position of the laser spot on the photodiode, which
leads to a change in the voltage it measures, Vde f .

The sample rests on a stage, whose position relative to the tip
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Figure 3.1: Diagram of an AFM setup,
showing an AFM tip with a measured
deflection, and a sample on a movable
stage (not to scale).

z

x y
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can be adjusted with great precision by piezoelectric actuators.1 A1 Depending on the specific instrument
used, the actuators may move either the
stage or tip.

topography map is collected by monitoring Vde f , and using a propor-
tional, integral, derivative controller (PID)2 to adjust the stage height

2 A PID is a control system that at-
tempts to maintain an input variable
(for example Vde f ) at a specified value,
or setpoint, by adjusting a second vari-
able (for example tip height). It is
so called because it makes corrections
based on proportional, time-integrated
and time-derivative terms to return to
the setpoint quickly without inducing
feedback oscillations.

to maintain a constant probe-sample separation. The stage can then
be rastered laterally, and the adjustment needed to compensate for
the varying sample height can be recorded as the topography image.
The z-resolution of an AFM is usually sub-nanometre, meaning it
can resolve steps as small as single atomic layers.

Most AFM techniques are based on one of two operation modes,
which differ in how the PID responds to Vde f :

Contact mode In which the probe is kept in permanent contact with
the surface, so that the probe-sample force is always repulsive and an
decrease in tip height leads to an increase in Vde f . The PID works to
maintain a constant value of Vde f . This mode is simple in operation,
but probe-sample forces are high, which means it may be unsuitable
for delicate samples.

Tapping mode In which the tip is kept at a short distance from the
sample (usually < 100 nm) and an additional piezoelectric actuator
is used to vibrate the cantilever close to its resonant frequency. Vde f

then becomes an oscillating signal, whose amplitude is damped by
probe-sample forces when the tip moves closer to the sample. The
PID works to maintain a constant amplitude of Vde f . As this mode
has little to no probe-sample contact, the forces exerted are much
smaller, meaning sample damage is much less likely.

In modern AFMs, there are many more parameters which can be
monitored to maintain a constant height, including the frequency or
phase of an oscillating tip, or the peak force between tip and sample.
However most of these modes are derived from the two presented
above, which are sufficient to understand the AFM-derived tech-
niques presented in the rest of this chapter.
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3.1.1 Lock-in amplifiers

For many AFM-derived techniques, we need to isolate components
with a known frequency and phase from a noisy signal. To achieve
this, we use a lock-in amplifier [78].

These work by multiplying an input signal by a sinusoidal refer-
ence signal with frequency ωre f and phase φre f . Equation 3.1 shows
that this results in a DC offset for input signals of frequency ωre f ,
which is suppressed for all other frequencies.

∫ ∞

−∞
cos(ωre f t− φre f )A cos(ωt− φ)dt

=





A
2 cos(φre f − φ), ω = ωre f

0, ω 6= ωre f

(3.1)

Here t represents time, and A, ω and φ represent the amplitude,
frequency and phase of an arbitrary sinusoidal function.

In practice this multiplication can be achieved using frequency
mixing circuits, then the DC offset can be recovered by low-pass fil-
tering, a process called demodulation. To demodulate an input with
an external oscillating reference signal, an internal reference oscil-
lator is often synced to the external signal by a phase-locked loop
(PLL).3 In modern lock-ins, these steps are often performed digitally. 3 A circuit which tracks the phase, and

therefore frequency, of a signal which
may fluctuate in frequency or amp-
litude.

A two-phase lock-in exploits the phase sensitivity of the DC offset
by demodulating the input at two orthogonal reference phases, φre f

and φre f + 90°. This returns both the in- and out-of-phase compon-
ents at ωre f , referred to as X and Y. These can be converted to polar
coordinates to yield the amplitude and phase difference between the
input and reference signals.

Figure 3.2 shows a schematic of a two-phase lock-in amplifier.

PLL

+90°

reference

input

X

Y

oscillators mixers filters Figure 3.2: Lock-in amplifier operation
principle. Two oscillators of orthogonal
phase are synced to a reference signal
by a PLL. These are multiplied by the
input signal then low-pass filtered to
yield the X and Y components at the
reference frequency.

3.2 Scanning near-field optical microscopy

I showed above how AFM can be used to image the shape of samples
at scales much smaller than the optical diffraction limit. But optical
microscopy can be used to reveal much more about a sample than
just its shape. SNOM combines AFM with laser illumination to beat
the diffraction limit and bring the power of optical microscopy to the
nanoscale [79].
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3.2.1 Near-field interaction principle

The principle at the heart of SNOM is that a focused beam of light
is shone onto a metallised AFM probe,4 as shown in figure 3.3. This4 In practice, there are two kinds of

SNOM, referred to as aperture and scat-
tering SNOM. In this thesis I only use
and discuss the scattering type.

excites an evanescent near field at the metal surface, which is highly
concentrated and decays exponentially with distance. This field is
strongly enhanced by plasmonic resonances in the tip’s metal sur-
face,5 and can be further enhanced still by the lightning rod effect,5 See section 1.1.4 for further detail on

this. in which the length of the probe is aligned with the electric field
polarisation of the incident light, so acts as an efficient antenna [79].

Crucially, the spatial extent of this field is typically much, much
smaller than the wavelength of the incident light, meaning it can be
used to image materials far below the diffraction limit. At the probe
apex, the size of the near field is mainly governed by the probe’s
radius of curvature, rp, meaning the technique has a comparable res-
olution to regular AFM. The imaging works because as the probe is
brought close to a sample, the near field is modified when it interacts
with the surface and scatters light back into the far field, which can
then be detected along with the diffraction limited far field light [79].

probe

sample

mirror
dipole

far-field
light

Figure 3.3: Near-field-sample interac-
tion. Light is focused on an AFM probe,
which excites a near field at its surface.
The near-field interaction with a sample
surface can be modelled by considering
the end of the probe as a sphere, and
considering its electrostatic interaction
with a fictional mirror dipole.

A simple way to model this interaction, referred to as the point
dipole model (PDM), is by assuming that the primary contribution to
the scattering comes from the apex of the probe, which we can model
as a sphere with radius rp, dielectric function εp, and polarisability

αp = 4πr3
p

εp − 1
εp + 2

. (3.2)

We can also assume, thanks to the lightning rod effect, that this
sphere can only be polarised in the z direction. An incident elec-
tric field, Ei, will induce a z-oriented dipole in the sphere, and we
can simplify our model further by replacing our sphere with just a
point dipole located at its centre.

If we then model the sample as a semi-infinite slab at z < 0, with
dielectric function εs, and electrostatic reflection coefficient

βr =
εs − 1
εs + 1

, (3.3)

(assuming the tip sits in vacuum) we can model the resultant near
field caused by the tip-sample interaction as the electric field between
the probe dipole discussed above and a mirror image dipole inside
the sample with polarisability αpβr [79]. This is shown in figure 3.3.

This leads to a system of electrostatic equations which when solved,
yield an effective polarisability for the entire probe-sample near-field
system,

αe f f =
αp (1 + βr)

1− αp βr

16π(rp+z)
3

, (3.4)

where z refers to the tip-sample separation [79].
For a point dipole, the scattered electric field, Es, relates to the

incident field and polarisability, α, as

Es ∝ αEi, (3.5)
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which, when combined with equation 3.4, shows that the scattered
light from SNOM contains a wealth of information about the dielec-
tric properties of a material.

Since ε, α and βr are usually complex functions of light frequency
ω, it follows that Es will also be a complex number given by

Es = seiφ, (3.6)

where s and φ describe the amplitude and phase changes of the
scattered light compared to the incident light. I discuss how we can
perform phase-sensitive measurements in section 3.2.3

The PDM described above gives a simple, qualitative explana-
tion of the contrast measured in SNOM experiments, but it fails to
quantitatively reproduce features such as the measured spectral po-
sitions of polariton resonances [80]. For quantitative modelling, a
more recent technique called the finite dipole model (FDM) is often
used, which, instead of considering a point dipole in the apex of the
spheroid, considers a dipole whose constituent positive and negative
charges are located at opposite ends [80–82].6 6 The full description of the FDM is bey-

ond the scope of this thesis. See refer-
ence [80] for the derivation and descrip-
tion of this model.

The FDM can be extended to describe multilayered structures as
well as semi-infinite substrates as discussed above [81]. This is im-
portant for 2d materials and heterostructures, which necessarily have
finite thickness. To do this we must consider the effective Fresnel re-
flection coefficient for the uppermost surface of the structure. For
a three-layer structure (a finite layer, sandwiched between a semi-
infinite substrate and superstrate) this is given by

βML

(
k‖
)
=

β01 + β12e−2k‖d1

1 + β01β12e−2k‖d1
, (3.7)

where k‖ is the in-plane component of the wavevector,7 di is the 7 As the FDM uses the quasi-static ap-
proximation, the k‖ dependence must
be accounted for by integration over
all k‖, in combination with a coupling
weight function [82].

thickness of the ith layer, and

βij =
εj − εi

εj + εi
(3.8)

is the reflection coefficient between layers i and j, with dielectric
functions εi and εj.8 For structures with a greater number of lay- 8 See section 1.1.3 for details on how to

convert between conductivity and volu-
metric permittivity for graphene.

ers, equation 3.7 can be recursively substituted as an expression for
β12 [82].

The semi-infinite PDM is sufficient to explain the operation of
SNOM, and will be used for the rest of this chapter.

3.2.2 Distinguishing near-field and far-field light

The backscattered light in a SNOM measurement is recorded us-
ing a high-speed sensor, typically a mercury cadmium telluride de-
tector (MCT) for infrared (IR) SNOM. But one difficulty is that light
scattered from the near field is typically only a tiny fraction of the
total backscattered light. This means that the diffraction-limited far
field swamps our desired signal, the near-field scattering from the
AFM tip.
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Figure 3.4: Origin of the high harmon-
ics in the near field. (a) A sinusoidal
oscillation of the probe height, interacts
with (b) the non-linear z-dependence of
αe f f , leading to (c) a non-sinusoidal αe f f
signal. The dependence shown in (b)
is calculated from equation 3.4, using
εp = −10 + 2i, εs = 15 and rp = 10 nm.
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To surmount this, the AFM in SNOM is typically operated in tap-
ping mode, so that the near field is moved relative to the sample at
a frequency ω0. This results in a modulation of the effective polar-
isability, and therefore the detected near-field signal. This can then
be extracted from the total signal by using a lock-in amplifier to de-
modulate at ω0, using the tip’s deflection as a reference signal.

However, even by demodulating at ω0 there will still be some re-
sidual far-field signal left in the measurement, because of reflections
from parts of the tip other than the probe apex. This can be at-
tenuated further by relying on the non-linear z-dependence of the
effective polarisability, which is shown in equation 3.4.

If we assume that the height modulation of the tip is sinusoidal, as
shown in figure 3.4 (a), then we can expect any far-field reflections
from the tip to also be primarily sinusoidal. But the nonlinear z-
dependence shown in figure 3.4 (b), means that the time-dependent
αe f f signal will be periodic, but not sinusoidal, as shown in figure
3.4 (c). Equation 3.5 shows that the near-field component of the total
signal measured will have this same waveform.

Like any periodic waveform, the scattered light can then be de-
scribed by a Fourier series,

Es =
∞

∑
n=0

snei(nω0t−φn), (3.9)

where sn and φn are the amplitude and phase of the nth harmonic of
the fundamental mode at ω0, and the term at n = 0 describes any
direct current (DC) offset.

For a pure sinusoidal signal any term with n > 1 will be zero,
but any deviation from a pure sinusoid will add higher harmonics.
This shows that if we demodulate at higher harmonics, nω0 instead
of ω0, then the measured signal will have a greater proportion of the
highly non-linear near-field signal [79].

The downside to high-harmonic demodulation is that the signal
level is reduced, meaning a worse signal-to-noise ratio (SNR). In
practice, it is common to use harmonics between 2 and 4 choosing
the highest value that gives acceptable SNR.
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3.2.3 Phase sensitive detection

There are several schemes for achieving phase sensitivity in SNOM
measurements, most of which rely on Michelson interferometers like
the one shown in figure 3.5. These can be used to selectively amplify
a single phase, while suppressing others.

In a Michelson interferometer, a beamsplitter diverts the mono-
chromatic laser beam along two paths, by reflecting a fraction of
the light and transmitting the rest. One portion goes to the sample,
where it is focused on the tip as shown in figure 3.5. Scattered
light from the sample then travels back along the same path un-
til it reaches the beamsplitter once more. The second portion goes
through the reference arm of the interferometer, which ends in a flat
reference mirror that also reflects the light back to the beamsplitter.

At the beamsplitter, a portion of both beams will be sent on to the
detector, but as they have travelled different distances in the sample
and reference arms, they may now have different phases. This causes
either constructive or destructive interference, depending on their
phase difference. The reference mirror can then be moved, which
changes the optical path distance (OPD) between the two beams, and
therefore the phase which is eventually detected. A linear change
to the OPD9 will result in a sinusoidal variation of the measured 9 The change in the OPD is actually

twice as large as the translation of the
reference mirror, because the reference
mirror affects both the reflected and in-
cident path lengths together.

intensity as the beams move through constructive and destructive
interference.

Typically in SNOM, we choose the phase of the near-field light
scattered from a reference material, often a reflective metal like gold,
as our reference phase, which we define to be zero. A complex
SNOM scattering signal demodulated at the nth harmonic can be
described by

En = Re (En) + Im (En) i = sneiφn . (3.10)

We can then measure the real, or in-phase, component by posi-
tioning our tip over the reference material and tuning the OPD to

IR detector

IR laser

beamsplitter

OPD

reference
mirror

parabolic
mirrorAFM

Figure 3.5: Michelson interferometer
for phase-sensitive SNOM. The length
of the reference arm can be changed by
moving the reference mirror to amplify
light of a single, chosen phase.
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maximise the signal, meaning constructive interference. Similarly,
we can measure the imaginary, or out-of-phase, component by chan-
ging the OPD from this position by λ/4, where λ is the wavelength
of the light, which leads to destructive interference [79].

From these quantities we can then retrieve the nth-harmonic amp-
litude and phase using the identities

sn =

√
Re (En)

2 + Im (En)
2 (3.11)

and
φn = atan2 (Im (En) , Re (En)) . (3.12)

There is a slight complication to the above picture, which is that
there is typically a background added to En which results from the
interference of the near-field scattered light with the far-field scattered
light from the sample [83]. This light essentially adds in a third, un-
controlled beam path to the Michelson interferometer, which means
that there is still some residual signal even with the OPD at λ/4
away from the maximum. To remove this contribution, the reference
arm can be completely blocked, leaving only the unwanted extra in-
terferometric term, which can then be subtracted from the measured
data.

Putting all of the above together, we can make a full complex
near-field image by capturing three consecutive scans:10 one with10 A more efficient detection scheme ex-

ists which can reduce this to a single
pass, by oscillating the reference mir-
ror and using a lock-in amplifier, to
capture amplitude and phase, and re-
ject the unwanted background simul-
taneously [84]. However this is not
possible on every microscope, and the
three-pass technique was used in this
thesis.

the OPD set to capture the real information, one with the OPD set to
capture the imaginary information, and one with the reference arm
blocked to capture the unwanted background.

3.3 AFM infrared spectroscopy

Atomic force microscope infrared spectroscopy (AFM-IR) is a laser-
coupled AFM technique that uses similar hardware to SNOM but
operates on a different principle. It gives diffraction-beating meas-
urements of IR absorption which are comparable to far-field Fourier
transform infrared (FTIR) [85, 86].

In most AFM-IR modes a pulsed laser beam with light of fre-
quency ω is focused onto a sample immediately below an AFM tip
in contact mode, as shown in figure 3.6 (a). If the sample has a

Figure 3.6: Principle of AFM-IR.
(a) Pulsed light is focused on a sample
beneath an AFM tip. (b) If the sample
absorbs the light it heats up and ex-
pands, imparting an impulse to the tip
proportional to the absorption. pulsed

light

sample

probe

a b

thermal
expansion
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vibrational mode that resonates at ω, then it can absorb the light.
The light energy is then converted to thermal energy in the sample,
which leads to a thermal expansion.

This means that after every pulse of light the sample will expand
below the AFM tip, giving it an upwards kick which can be detected
in the AFM deflection signal, as shown in figure 3.6 (b). Crucially, the
amplitude of this impulse is directly proportional to the magnitude
of the absorption at ω, which means it can be treated as a nanoscale
analogue to other absorption techniques like FTIR [85, 86].

Different molecules have different vibrational resonances in the IR,
which means absorption spectra can be used to distinguish different
chemical species. In AFM-IR, a spectrum can be recorded by keeping
the AFM tip in a fixed position and tuning the frequency of the ex-
citation light, while measuring the amplitude of the impulses of the
deflection signal. Alternatively an image can be captured, by keeping
a fixed light frequency and making an AFM scan while monitoring
the same signal. Together these can enable nanoscale chemical iden-
tification with a resolution of ∼20 nm, which is significantly lower
than the diffraction limited FTIR [85, 86].

There are numerous ways to perform this technique, but the mode
used in this thesis is called resonance enhanced AFM-IR. In this
mode, a quantum cascade laser (QCL) excitation source is pulsed at a
contact resonance frequency of the tip and sample,11 which leads to 11 This is a resonance associated with

the nanomechanical probe-sample in-
teraction, which is typically different to
the free-space cantilever resonance fre-
quency.

a strong enhancement of the amplitude of the deflection signal [86].
In general, AFM-IR is not ideal for measuring van der Waals

(vdW) materials, which tend to give very low signal levels because
of their high thermal conductivity and low out-of-plane thermal ex-
pansion coefficients. However their absorption can be detected indir-
ectly, if they are in thermal contact with a material which does give
good AFM-IR signal such as (poly)methyl methacrylate (PMMA) [87].
The technique can also be useful to probe contaminants which may
alter the behaviour of vdW materials [88].

3.4 Conclusions

In this chapter I have described some of the SPM-based techniques
which I used to carry out the research in the later chapters of this
thesis. I focused here on laser-coupled AFM techniques, however I
hope that the examples discussed convey a sense of the versatility
of SPM for characterising nanoscale material properties. In prac-
tice, there are many more such techniques than I could include in
a single chapter, which can reveal a wealth of information on other
nanomechanical [89], electronic [90] and optoelectronic [91] proper-
ties of 2d and vdW materials.

In the following chapter I will introduce a pair of common spec-
troscopic techniques, Raman and photoluminescence spectroscopy,
which give complementary measurements to the AFM techniques
described in this chapter.





4
Optical spectroscopy of van der Waals
materials

Optical spectroscopy techniques have proved to be valuable tools
for characterising van der Waals (vdW) materials. In particular, Ra-
man and photoluminescence (PL) spectroscopy are relied on heavily
because they are non-destructive measurements which can reveal a
wealth of information about the mechanical, electronic and optoelec-
tronic properties of materials.

In this chapter I begin with a discussion of the physics that un-
derpins Raman and PL, then I describe how we can implement the
techniques practically to use in experiments. I finish with a detailed
look at the Raman features of graphene, which will be referred to
frequently in the rest of this thesis.

4.1 Light matter interaction for optical spectroscopy

When light shines on a material, a photon with energy Eph may in-
teract with an electron. If there is an allowed electronic state at its
starting energy plus Eph, then the photon can be absorbed and the
electron’s energy will be raised.

However often that state is forbidden, for example if it falls in
the material’s bandgap. In that case the photon can be virtually ab-
sorbed, and the electron put into a virtual excited state, which, as it
is forbidden, must have a very short lifetime.

Typically this state then decays and the excess energy means an-
other photon with energy Eph is emitted. This process, depicted in
figure 4.1 (a) is referred to as Rayleigh scattering and has limited
spectroscopic use [92]. However it is a helpful concept from which
to understand some of the more useful scattering processes, which I
describe below.

4.1.1 Raman scattering

In the short time that an electron is in a virtual state, there is a finite
probability that it may transfer some of its excess energy by creat-
ing an optical phonon of energy Eω in the material. This means that
when the virtual state decays, the energy of the photon it emits will
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Figure 4.1: Light-matter interaction
processes for optical spectroscopy.
(a) Rayleigh scattering: an electron is
put into a virtual state by an incident
photon, which decays by emitting
another photon of the same energy.
(b) Stokes scattering: an electron is
put into a virtual state by an incident
photon, loses energy by creating a
phonon, then decays emitting a photon
with lower energy. (c) Anti-Stokes scat-
tering: an electron is put into a virtual
state by an incident photon combined
with a phonon in the material, which
decays emitting a photon with a higher
energy. (d) Photoluminescence: an
electron is excited from the valence to
the conduction band leaving a hole.
These then relax to the band minimum
and maximum via electron-phonon
scattering (EPS) then recombine,
emitting a photon with energy equal to
the bandgap.

a
incident photon

emitted photon

phonon

EPS

b c d

be slightly lower than the energy of the incident photon. The differ-
ence in energy between the two photons, referred to as the Stokes
shift, will be equal to Eω.1 This process, called Stokes scattering, is

1 For historical reasons, there is some
confusion between the units and the
symbol used for phonon energies and
Raman shifts. We normally describe
these in terms of their associated
wavenumber, in units of cm−1, but we
use the symbol ω, which is more typic-
ally used for angular frequency, which
has units of rad s−1. In this thesis I shall
stick to this convention for consistency
with existing literature.

one of the two mechanisms for Raman scattering [93] and it is depic-
ted in 4.1 (b).

By measuring the Stokes shift we can probe the spectrum of al-
lowed phonons, which can be used as a signature to identify partic-
ular materials, but can also reveal information including a material’s
strain and electronic state [94].

The other Raman process is known as anti-Stokes scattering, which
is depicted in 4.1 (c). In this process an electron is put into a virtual
state by an incident photon combined with a phonon which already
existed in the material, so the energy of the virtual state is Eph + Eω.
This decays by emitting a photon with a higher energy than the in-
cident photon. This difference in energy is called the anti-Stokes shift
and is once again equal to the energy of the involved phonon [93].

For spectroscopy, anti-Stokes Raman is generally more complic-
ated than Stokes, because it depends on the spectrum of phonons
which already exist in the material. This is typically determined by
the lattice temperature and biased towards low energies, meaning
anti-Stokes Raman can be used for nanoscale thermometry [95].

I discussed above the common case where the incident photon
cannot excite an electron into an allowed state, so the electron is put
into a short-lived virtual state. However Raman scattering can also
occur with excitations to allowed states, for example in a transition
between band edges. In this case, known as resonant Raman, the
efficiency of the Raman process is significantly enhanced [92].

4.1.2 Photoluminescence

In PL an incident photon has enough energy to excite a valence band
electron in a semiconducting material to the conduction band, leav-
ing behind a hole. These are then able to relax via electron-phonon
scattering (EPS) processes, the electron to the conduction band min-
imum, and the hole to the valence band maximum. After this they
can recombine, by the electron decaying across the bandgap to fill
the hole, and releasing it’s excess energy in the form of a photon
with the same energy as the bandgap, Eg [93]. This process is shown
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in figure 4.1 (d).
The efficiency of PL is substantially reduced if the material has

an indirect bandgap, that is, if the conduction band minimum is
not directly over the valence band maximum. This is because after
relaxing via EPS, there will still be a momentum mismatch between
the electron and hole which would need to be overcome for them to
recombine.

In some cases, the excitation may form a quasiparticle called an
exciton, a Coulombically bound electron-hole pair [96]. In this case,
the large number of electrons surrounding the hole somewhat screen
its positive charge, meaning the electron is less attracted to the hole
and consequently, the bound electron and hole have a lower energy
than if they were unbound. This difference in energy is called the ex-
citon binding energy, Eb, and when the electron and hole recombine,
they emit light of energy Eg − Eb.

There are typically multiple simultaneous processes involved in a
PL measurement, which can involve bandgap recombination as well
as recombination of multiple different excitonic species, all of which
may have different characteristic energies.

4.2 Optical spectroscopy in practice

Raman and PL operate on quite different physical principles, but to
collect Raman and PL spectra, the measurement approach is essen-
tially the same. In both cases, the goal is to introduce light of one
energy to our sample, then inspect the different energies of light that
are scattered back. Figure 4.2 shows experimental apparatus that can
achieve this for both Raman and PL.

In this setup, monochromatic light from a laser is focused onto
the surface of a sample through a microscope objective. This in-
teracts with the materials in the sample via the processes described
above, meaning a spectrum of light composed of different energies
is scattered back along the same path as the incident light.

A beamsplitter then directs some of this light through a notch filter
towards the detection apparatus. The purpose of the notch filter is

x y

microscope
objective

sample

stage

polarisation
optics

laser

diffraction
grating

CCD
array

beamsplitter

notch
filter

Figure 4.2: Optical spectroscopy appar-
atus schematic. This could be used for
both Raman and PL. The polarisation
optics are variable and can be removed
entirely.
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to remove the Rayleigh scattered light at the laser frequency, which
is typically much more intense than the contribution from Raman
scattering and PL and would otherwise saturate the detector.
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Figure 4.3: Graphene ab-initio-
calculated phonon dispersions. Labels
are assigned to each phonon branch
according to reference [93]. Dispersion
data was taken from reference [97].

The final stage is a spectrometer, which consists of a dispersive
element, to separate out the different frequencies of light, and a de-
tector array, to record the light intensity at each frequency. Here this
is represented by a diffraction grating and a charge-coupled device
(CCD).

A movable stage, combined with a high-resolution microscope ob-
jective means that hyperspectral datacubes can be collected, by ras-
tering the stage so that a grid of spectra can be taken from a target
area. To extract useful information from these large datasets, it is
common to fit Lorentzian or Gaussian peaks to the spectral features.

The apparatus can also be augmented with the addition of polar-
isation optics, which can enable polarisation dependent Raman and
PL measurements.

In practice the only difference between a Raman and PL exper-
iment is the range of energies studied, which can be adjusted by
changing the density of lines or angle of the diffraction grating.2 As2 In fact, it’s common to have unwanted

contributions from PL in a Raman ex-
periment and vice versa. Figure A.3 is
a chart which converts between the dif-
ferent units used for Raman and PL to
help identify spectroscopic features in
such cases.

phonon energies are typically in the mid-infrared (IR), and therefore
much lower than the visible laser energy, Raman peaks are usually
quite close to the laser energy, compared to PL peaks.

4.3 The Raman spectrum of graphene

Raman spectroscopy is especially powerful for characterising graph-
ene. By inspecting the Raman spectrum we can reveal details includ-
ing the number of layers, defect density, strain and doping [92]. But
as graphene has relatively few Raman features, its analysis can be
complicated.

In this section I will discuss the origin and behaviour of the most
important components of the graphene Raman spectrum, the G, D
and 2D peaks.33 The 2D peak is named because it is the

overtone of the D peak. In this thesis
I distinguish between two-dimensional
(2d) and the Raman peak (2D) by using
a lowercase and capital D.

4.3.1 Graphene phonon dispersion

To understand the graphene Raman spectrum, it is first helpful to
study the dispersion of allowed phonons. This is shown between
high-symmetry points in the Brillouin zone (BZ)4 in figure 4.3.4 See figure 1.2 for the locations of these

points. Graphene has three acoustic (A) and three optical (O) phonon
branches, and it is only the optical phonons which play a part in Ra-
man scattering. Additionally two of these branches are out-of-plane
transverse (oT) modes, which are much softer than the in-plane lon-
gitudinal (L) and transverse (T) modes [92, 93].55 To refer to these phonons I will com-

bine the abbreviations given here in
brackets, for example LA for longitud-
inal acoustic, or oTO for out-of-plane
transverse optical.

First-order Raman processes, which involve only a single phonon,
must arise from phonons at the Γ point at the centre of the BZ, which
have no associated momentum transfer. This is known as the funda-
mental Raman selection rule, which stems from momentum conser-
vation [93].
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Figure 4.4: The Raman peaks of
graphene. Bottom: Example Raman
spectra from defected and pristine SLG,
and BLG, normalised to the height of
the G peak. Top: Annotations showing
the real- and k-space processes that res-
ult in the D, G and 2D peaks. Note:
the spectra shown are averages from a
small area, so are slightly broadened.

4.3.2 Origin of the graphene Raman peaks

Figure 4.4 shows the Raman spectra from single layer graphene (SLG),
defected SLG and bilayer graphene (BLG). The most important graph-
ene Raman peaks are the D, G and 2D peaks. These have been high-
lighted and linked to boxes which show the associated real-space
atom displacements for a single unit cell (top), and the k-space elec-
tronic transitions relative to the K-point band structure (bottom).

I discuss the physical origin of each peak below:

The G peak This peak at ∼1580 cm−1 stems from the degenerate TO
and LO phonons at the Γ point, which can be labelled E2g accord-
ing to group theory nomenclature [92, 93]. The central box in fig-
ure 4.4 shows the real- and k-space processes associated with the G
peak [92].

As the G peak arises from a Γ-point phonon, there is no associated
momentum transfer, so the excited electron relaxes back to the same
point in k-space. This means the G peak comes from a first-order
Raman process involving a single phonon.

The D peak This peak at ∼1345 cm−1 stems from the TO phonon at
the K point [92, 93]. The leftmost box in figure 4.4 shows the real-
and k-space processes associated with the D peak [92].

As the D peak arises from a K-point phonon, there is a momentum
mismatch between the initial and final states, shown by a red double-
headed arrow. As K+K = K′, we can call this an intravalley process.
The fundamental Raman selection rule therefore forbids this process
for graphene, unless there is some external factor which provides the
necessary momentum to satisfy conservation.
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Scattering from lattice defects serves this function, which means
that the D peak is absent in pristine graphene but activated for de-
fected graphene. The height of the D peak is therefore a reliable
indicator of the defect density in graphene [92, 93]. As an example,
in the spectra at the bottom of figure 4.4 only the defected graphene
shows a significant D peak.

The 2D peak This peak at∼2790 cm−1 also stems from the TO phonon
at the K point, but it is activated via a different route than the D
peak [92, 93]. The rightmost box in figure 4.4 shows the real- and
k-space processes associated with the 2D peak [92].

Like the D peak, this is a finite-momentum, intravalley process.
However in this case, the momentum conservation is satisfied by the
creation of a second phonon, which has the same energy and mag-
nitude of momentum but is opposite in direction. As this process in-
volves two phonons it is a second-order Raman process, sometimes
called a double-resonance process. The virtual excited state loses the
energy of the TO phonon two times, so the corresponding Raman
shift is therefore twice that of the D peak.

The double-resonance process satisfies the fundamental Raman
selection rule with no need for defect scattering. So unlike the D
peak, the 2D peak is present in both defected and pristine graphene.

4.4 Characterising graphene with Raman spectroscopy

In this section I will discuss the effects of various factors on the Ra-
man spectrum of graphene, and how they can be exploited for char-
acterisation. I will use the symbols Ip, ωp and Γp to represent the
height, Raman shift and full width at half maximum (FWHM) of a
peak, where p is a stand in for the peak in question.

4.4.1 Number of layers

One of the most useful features of Raman spectroscopy for graphene
is the ability to identify the number of layers in a sample.

The height ratio between the 2D and G peaks, I2D/IG, and the
FWHM of the 2D peak, Γ2D, are typical quantities used to probe this.
A hallmark of SLG is a symmetrical 2D peak with Γ2D ∼ 30 cm−1 and
I2D/IG & 2. By comparison the 2D peak of Bernal-stacked BLG is
shorter and broader with Γ2D ∼ 50 cm−1 and I2D/IG ∼ 1 [98, 99], as
shown in figure 4.4. However, these values can depend significantly
on the substrate under the graphene [100, 101]. For SLG the 2D peak
can be fit best by a single Lorentzian, while for BLG the best fit is
found from a sum of four Lorentzians [98, 99].

For twisted bilayer graphene (TBLG) there is a complicated de-
pendence of the Raman spectra on the twist angle between the layers,
caused by the addition of a moiré superlattice [102–105].6

6 See section 1.2.2 for more detail on
TBLG.



optical spectroscopy of van der waals materials 57

4.4.2 Strain

The phonon frequencies in a material are sensitive to the lattice con-
stant, which means that they change when the material is strained.
Raman spectroscopy can therefore be used to probe strains, via the
shifting positions of the corresponding Raman peaks.

As shown in equation 1.8 of chapter 1, strains in graphene can be
described by the biaxial strain tensor,

εbi =

(
εxx εxy

εyx εyy

)
(
where εxy = εyx

)
. (4.1)

To discuss the effects of strain on graphene’s Raman spectrum, it
is helpful to split this further into two components. The first of these
is the hydrostatic strain,

εhs = εxx + εyy, (4.2)

which relates to the change in area of a unit cell, and is independent
of any distortion in the shape. The second component is shear strain,

εs =
√(

εxx − εyy
)2

+ 4ε2
xy, (4.3)

which describes an anisotropic deformation to the lattice, and is in-
dependent of any change in the area.

The shift in the frequency of a phonon or Raman peak with strain
can be quantified by a Grüneisen parameter [106–108],

γ = − 1
ω

∂ω

∂εhs
. (4.4)

This may also be defined relative to a uniaxial strain in one direction,
for example εxx, however the value of γ will then depend on the
orientation of the applied strain to the lattice [106, 108].

The shifting of the G and 2D peaks with strain is illustrated in
figure 4.5.
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Figure 4.5: Strain-dependent G and 2D
peak shifts. Calculated according to ref-
erence [108], using a G-peak Grüneisen
parameter of γG = 1.8, an unstrained
G-peak position of ωG = 1583 cm−1

and ∆ω2D/∆ωG = 2.21.

On top of the εhs-dependent shifting of phonon frequencies, there
is also a εs-dependent splitting of the phonons about their centre
frequency, which arises from an anisotropic lattice constant. This
can be quantified for a particular phonon or Raman peak using the
shear deformation potential,

β = ± 1
2ω

∂ω

∂εs
. (4.5)

This peak splitting has been observed for both G and 2D peaks in
graphene [106, 108–112].

As the splitting arises due to anisotropy, the phonon vibrations
corresponding to each component must have different orientations.
This means that linearly polarised input light may bias the detected
Raman signal towards either the upshifted or downshifted peak, de-
pending on the orientation of the E-field to the vibration and lattice.
Polarisation dependent Raman can therefore be used to determine
the crystallographic orientation of strained graphene [108, 109, 113].
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Alternatively if this polarisation dependence is unwanted, it can
be removed by adding a quarter-wave plate to the incident beampath
to induce circular polarisation [94, 108].

4.4.3 Doping
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Figure 4.6: Doping-dependent G and
2D peak shifts. Acquired from field ef-
fect transistor (FET) measurements in
reference [114]. Data used with the
kind permission of Guillaume Froeh-
licher and Stéphane Berciaud.

Electron-phonon interactions mean that the frequencies of Raman
peaks also depend on the level of doping in a material [93].

In graphene this behaviour is strongly influenced by the presence
of Kohn anomalies at the Γ and K points [92, 115, 116], which can
be seen in figure 4.3. Kohn anomalies are sharp kinks in the phonon
dispersion for particular wavevectors, which are caused by an ab-
rupt reduction in the screening of lattice vibrations by electrons. The
wavevectors at which these occur are those that connect points on
the Fermi surface,7 which means that they can be altered by chan-

7 The k-space surface dividing allowed
states below the Fermi level from for-
bidden states.

ging the Fermi level [92].
The positions of graphene’s G and 2D peaks can therefore be ef-

fectively controlled by doping via the electric field effect [12, 114,
116–118]. The Fermi level dependence of this shifting is illustrated
in figure 4.6.

On top of its change in frequency, the intensity of the G peak
can be also increased by doping thanks to Pauli blocking,8 which8 See section 1.1.3 for more detail on

Pauli blocking. prevents certain electronic transitions taking place [92].

4.5 Conclusions

In this chapter I showed how optical spectroscopy with visible ex-
citation, particularly Raman and PL, is a versatile characterisation
method that can reveal information on the electronic state, strain,
and crystal structure. By combining spectroscopy with the scan-
ning probe microscopy (SPM) techniques introduced in the previous
chapter, we have a powerful suite of tools for studying the nanoscale
properties of two-dimensional (2d) materials.

This concludes part II, which described the measurement tech-
niques I used to characterise the 2d and vdW materials studied in
this thesis. In part III, I will present a series of chapters based on
my own original research which build upon the topics introduced in
parts I and II.



Part III

Original research





5
Imaging of graphene’s strain and
doping with Raman vector analysis

In this chapter, I present my research based on a scheme of Raman
vector analysis, which allows simultaneous quantitative measure-
ments of strain and doping in graphene. I combined the existing
method with high resolution Raman mapping and demonstrated its
diagnostic power by imaging two graphene-hexagonal boron nitride
(hBN) heterostructures. I was able to show that the scatter of Ra-
man peaks around their centre frequency, which has been reported
in previous works, is actually an emergent property of nanoscale fea-
tures which strain and dope the graphene, including fractures, folds,
bubbles and wrinkles.

This is one of the first pieces of work I completed during my
PhD and it informed the direction of much of my following research.
Later chapters on the effects of strains caused by nanoscale features
in two-dimensional (2d) materials are a logical continuation of the
work started here. Much of the work in this chapter was published
in the paper Probing the nanoscale origin of strain and doping in graphene-
hBN heterostructures in the journal 2D Materials (see Dissemination).

I’m particularly grateful to Eli Castañon and Vish Panchal for
fabricating the samples studied in this chapter, to Stephen Power
and Antti-Pekka Jauho for fitting our results to their simulations of
strained graphene, and also to Guillaume Froehlicher and Stéphane
Berciaud for allowing me to use their data in this thesis.

5.1 Distinguishing strain and doping with Raman vector
decomposition analysis

To make functional graphene nanodevices feasible, it is important to
understand the nanoscale strain and doping variations in real-world
graphene samples. Many fabrication processes, such as deposition
on a substrate [119, 120], assembly into van der Waals (vdW) hetero-
structures [121] and thermal annealing [122], are known to induce
graphene strain variations. These can alter carrier mobility [119],
band structure [110] and optoelectronic properties [123].

The sensitivity of graphene’s physical properties to strain opens
up the possibility of using deliberately induced strain as a method of
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controlling various parameters in graphene devices [13, 124]. For ex-
ample, it has been shown that non-uniform strain can induce strong
pseudomagnetic fields (PMFs) greater than 300 T [20], which may in
turn provide a platform to manipulate the sublattice [17, 125, 126]
and valley [126, 127] degrees of freedom.11 See section 1.1.2 for more detail on

strain effects in graphene. In section 4.4, I showed how both strain and doping induce a
frequency shift to single layer graphene (SLG)’s G and 2D Raman
peaks, which suggests that Raman spectroscopy can be a useful tool
to measure both quantities. But in practice this is complicated by the
fact that strain and doping variations typically coexist in the same
sample. This means that peak shifts from both strain and doping
will be present simultaneously, so the contribution from either one is
difficult to determine.

To separate these contributions we can use a vector decomposition
analysis scheme, which was first proposed by Lee et al. in 2012 [128].
The principle behind this scheme is shown in figure 5.1, which shows
the expected shifts of the G and 2D peaks, induced in charge neutral,
unstrained SLG by changing its strain, ε, or doping, n.22 This shows the same trends repres-

ented in figures 4.5 and 4.6, but ∆ωG
and ∆ω2D are shown in relation to each
other, rather than as functions of strain
or doping.

The key relation shown by this figure is that, for both strain and
p-type doping, the G and 2D shifts are approximately proportional,
so the displacement in the ∆ωG-∆ω2D space approximates a straight
line with an associated gradient.

This means we can define a pair of unit vectors

ε̂ =

(
ε̂G

ε̂2D

)
, n̂ =

(
n̂G

n̂2D

)
, (5.1)

which have the same gradients as the strain and doping induced
peak shifts. We can then transform our peak shifts into the basis
defined by these unit vectors as

(
ε̂G n̂G

ε̂2D n̂2D

)−1(
∆ωG

∆ω2D

)
=

(
vε

vn

)
, (5.2)

where vε and vn relate to the proportion of the peak shift due to
strain or doping. Then finally the components of the peak shifts due
solely to strain and solely to doping can be recovered according to

(
∆ωG

∆ω2D

)

ε

= vε ε̂,

(
∆ωG

∆ω2D

)

n

= vnn̂. (5.3)

Once the separated peak shifts have been obtained, it is simple to
convert from peak shift to strain by using a Grüniesen parameter, as
described in equation 4.4. In this thesis I use the G peak Grüniesen
parameter γG = 1.8. I also use a value of 2.21 for the gradient asso-
ciated to strain changes. Both of these are valid for pure hydrostatic
strain, εhs [108].

Likewise, we can convert peak shift to doping using an empirical
reference function. I use the relation

EF = −
(

1.8× 10−2 eV cm
)

∆ωG −
(

8.3× 10−2 eV
)

, (5.4)



imaging of graphene’s strain and doping with raman vector analysis 63

−15 −10 −5 0 5 10 15

∆ωG / cm−1

−15

−10

−5

0

5

10

15

∆
ω

2D
/

cm
−

1 p-type doping

n-type doping

te
ns

ile
st

ra
in

co
m

pr
es

si
ve

st
ra

in

dielectric screening

Figure 5.1: Strain and doping induced
peak shifting. The black arrows show
the gradient associated with pure hy-
drostatic strain, and the grey region
represents the range of gradients real-
ised for different types of strain. The
red arrow shows the gradient for p-
type doping [108]. The dashed lines
for dielectric screening and n-type dop-
ing are approximate and based on refer-
ences [101, 114]. They are not included
in the vector decomposition analysis.

which is calibrated from field effect transistor (FET) measurements
and valid for hole doped SLG [114]. This can be further converted
to hole concentration, nh, using equation 1.5. I use a gradient of 0.55
for changes due to doping [108].

The full quantitative vector analysis scheme is shown in figure 5.2.
From this we can gain a more intuitive visual understanding of the
process.

The vector decomposition can be thought of as superimposing a
new pair of axes onto our ∆ωG-∆ω2D space, which are parallel to ε̂

and n̂. The scaling on these axes is defined by the Grüneisen para-
meter and equation 5.4. Then for an arbitrary peak shift, (∆ωG, ∆ω2D),
from unstrained, charge-neutral graphene, at ∆ωG = ∆ω2D = 0, we
can read the value of strain or doping from the corresponding axis.

5.1.1 Important considerations for strain-doping decomposition

This analysis is powerful tool which has been used to characterise
a wide range of graphene samples [101, 108, 128–133], but, as the
model relies on a certain set of assumptions, care must be taken in
how it is applied.

The primary consideration, which has been mentioned above, is
that the model is only applicable to p-type graphene. To show why
this is the case, a set of measurements of peak positions from a
graphene FET have been added to figure 5.2, using data from ref-
erence [114].3 These measurements include both p-type and n-type

3 This is the same data that is shown in
figure 4.6.
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Figure 5.2: Strain-doping decomposi-
tion. Vector decomposition is shown
as a pair of superimposed axes de-
fining a new basis, from which hole
doping and hydrostatic strain can be
read. FET measurements of peak pos-
itions from reference [114] are added as
points connected with solid white lines,
and coloured to show the correspond-
ing Fermi level. Agreement with the
vector decomposition is good for p-type
graphene but fails for n-type. Data used
with the kind permission of Guillaume
Froehlicher and Stéphane Berciaud.
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graphene (coloured red and blue according to their EF), which shows
that for n-type graphene the direction of the G peak shift reverses
and the trajectory in ∆ωG-∆ω2D space becomes non-linear. This
makes linear vector decomposition impossible for electron-doped
graphene. Fortunately we can usually assume that exposed graphene
in ambient conditions is primarily hole doped, as shown by a range
of charge transport and Raman measurements [114, 118, 134].

We must also ensure that our graphene is relatively free from de-
fects, as an increase in defect density has also been shown to induce
peak shifts [92, 128].

Another consideration is the configuration of the strain that we
measure. Biaxial and uniaxial strains lead to different values meas-
ured for the gradient of ε̂, which also varies with the orientation of
uniaxial strain to the lattice [106–108, 111, 128, 135, 136]. The range
of different gradients is shown by the grey area in figure 5.1. If the
gradient of ε̂ is chosen poorly, such that it doesn’t match the dom-
inant species of strain, it can lead to large errors in the measured
doping.

To remove this ambiguity, I use a refinement to the vector decom-
position scheme which was proposed by Mueller et al. in 2017 [108].44 The discussion of strain effects on

graphene’s Raman peaks in section
4.4.2 may be helpful to understand this
refinement.

Circularly polarised excitation light is used to minimise the differ-
ence in intensity between any split peaks induced by shear strain.
Without this, more uniaxial strains would lead to an asymmetry in
the lineshape, which would bias the values of peak position returned
by fitting single peaks to the data. This means it is possible to separ-
ate the effects of hydrostatic strain, which induces a peak shift, and
shear strain, which induces a symmetric splitting or broadening. The
gradient associated with pure hydrostatic strain can then be used for
any graphene sample, regardless of its strain configuration.

A final consideration with this analysis concerns the frequency of
the point at ∆ωG = ∆ω2D = 0. Without knowing the actual values
of ωG and ω2D at this nominally unstrained, undoped point, only
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relative shifts in strain and doping can be determined.
For graphene on SiO2 with an excitation wavelength of λ = 532 nm,

this has been determined as (ωG, ω2D) = (1583, 2678) cm−1 [108].
However this position will change with different laser wavelengths,
as both G and 2D peaks are strongly dispersive [92].5 5 This is due to the Kohn anomalies dis-

cussed in section 4.4.3, and means their
Raman shift depends on the energy of
the excitation photons.

The position can also move somewhat for graphene in different
environments and on different substrates thanks to dielectric screen-
ing, which can add a small unquantified offset [101, 137]. This is
illustrated with a dashed arrow in figure 5.1.

5.2 Identifying nanoscale structural features in graphene-hBN
heterostructures

In the rest of this chapter, I show results from applying the method
described above to study two graphene-hBN heterostructures:

Heterostructure A A SLG sample on SiO2 which is partially covered
by a flake of multilayer hBN, and features a range of interesting
nanoscale defects.

Heterostructure B An hBN-encapsulated SLG sample, where inter-
layer contamination has led to the formation of bubbles during fab-
rication.

5.2.1 Heterostructure A: exposed and hBN-capped graphene

Heterostructure A is shown in the optical image in figure 5.3. It
consists of a sheet of SLG, ∼70 µm in size, partially covered by ex-
foliated hBN of ∼20 nm in thickness and with lateral dimensions of
∼50× 30 µm.

The AFM scans shown in figure 5.4 reveal one-dimensional (1d)
features on both the graphene and the hBN-covered graphene. These

15 µm

graphene edge hBN edge Raman area Figure 5.3: Heterostructure A optical
image. Outlines showing the graphene
and hBN edges are determined from
the heights of the graphene 2D peak
and hBN peak, shown in figure 5.6. The
graphene has several holes in it beneath
the hBN. The white dashed rectangle
shows the area of the atomic force mi-
croscopy (AFM) and Raman scans in
the rest of section 5.2.1.
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Figure 5.4: Heterostructure A AFM im-
ages. (a) A scan of the entire het-
erostructure. The white dotted square
shows the location of the scan in (b).
(b) A higher resolution scan of the re-
gion indicated in (a) showing a crack
and a fold. The white arrows show the
location and thickness of the line pro-
files shown in figure 5.5.
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appear to be a mixture of small fractures and folds, which most likely
occurred during the exfoliation or stacking of the heterostructure ma-
terials. Figure 5.4 (b) shows a close-up of a fracture and a fold, taken
from the area indicated in figure 5.4 (a). Whereas the fracture has
homogeneous width along the whole length, the fold starts tightly
compacted where it contacts the fracture but spreads out as it gets
further away.

Detailed line profiles taken from the features in figure 5.4 (b) are
plotted in figure 5.5. The bottom of the fracture in figure 5.5 (i)
is ∼0.6 nm lower than the average level of the graphene. This is
consistent with AFM measurements of the thickness of monolayer
graphene prepared in ambient conditions.
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Figure 5.5: Line profiles taken across
a fracture and a fold. (i) Line pro-
file across a fracture. Inset image is a
zoomed in region to better show the
depth. (ii) Line profile across a fold.
The locations of (i) and (ii) are indic-
ated in figure 5.4 (b).

A Raman datacube was collected from the heterostructure, and
single Lorentzians were fitted to the graphene 2D, G and D peaks,
as well as the characteristic hBN peak at ∼1367 cm−1. This arises
from an E2g phonon [138], but I shall refer to it simply as the hBN

peak.6 The fitted intensities of the 2D and hBN peaks were then

6 The hBN peak is very close in fre-
quency to the D peak, so these peaks
were fitted together. To prevent
crosstalk between the fits to each peak,
the frequencies were held fixed at
1343.2 and 1366.8 cm−1.

used to determine points corresponding to graphene and hBN areas
as shown in figures 5.6 (a) and (b), and figure 5.3.

Figure 5.6 (c) shows a map of the D to G peak intensity ratio,
ID/IG, which is used as an indicator of lattice defect density in
graphene. The near-zero values on most of the flake indicate a very
low defect density [92]. The areas previously identified as fractures
show a high defect density, which gives further evidence that the
assignation was correct. Some features, which are seen on top of
the hBN in the AFM, correlate to fractures in the graphene, which
propagate from the hBN covered area to the area of bare graphene.

Figure 5.6: Heterostructure A Raman
intensities. (a) 2D peak intensity, red
lines indicate the threshold intensity
above which the sample was identified
as containing graphene. (b) hBN peak
intensity, yellow dotted lines indicate
the threshold intensity above which the
sample was identified as containing
hBN. (c) D to G peak intensity ratio.
Grey areas correspond to regions with
no graphene.
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To better verify the thickness and quality of the graphene, I show
histograms of the 2D to G peak intensity ratio, I2D/IG, and the width
of the 2D peak, Γ2D, in figure 5.7. Both parameters are altered by the
presence of hBN on top of graphene, so the bare graphene on SiO2

and hBN-covered graphene are plotted separately.
For the bare graphene, the values of I2D/IG are clustered at ∼2.2,

and the values of Γ2D at ∼27 cm−1, which are typical values for SLG
on SiO2 [128]. We can assume that the part of the same graphene
flake that is covered by hBN is of the same intrinsic quality.

A scatter plot showing the distribution of ωG and ω2D across het-
erostructure A is shown in figure 5.8. The axes showing the vector
decomposition scheme described above are added for clarity (as in
figure 5.2).

1.75 2.00 2.25 2.50 2.75 3.00 3.25

I2D
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a bare

covered

20 22 24 26 28 30

Γ2D / cm−1

b

Figure 5.7: Key Raman indicators for
bare and hBN-covered graphene. (a) 2D
to G peak ratio. (b) 2D peak width.
Histograms shown are Gaussian kernel
density estimates.

By colouring the points corresponding to bare graphene and hBN-
covered graphene differently, it is clear that the presence of the hBN
divides the scatter plot into two main populations: the hBN covered
points are shifted in the direction corresponding to more compress-
ive strain and decreased doping. Within both separate populations,
there are well defined clusters spread out parallel to the hydrostatic
strain direction and less-well defined clusters aligned with the dop-
ing direction. This indicates that there is a spread of values of both
strain and doping in the heterostructure, but that most of the vari-
ation in Raman shift is caused by the strain.

A map of the hydrostatic strain, calculated for each pixel in the
Raman map, is shown in figure 5.9 (a).

The graphene beneath the hBN is significantly more compress-
ively strained, at ∼− 0.1 % strain, than the uncovered graphene,
which shows tensile strain, at ∼0.5 %. This is to be expected, as
during fabrication the heterostructure was stacked at a high temper-
ature and then allowed to cool to ambient temperature according
to the method described in reference [139]. The different thermal
expansion coefficients of hBN and graphene cause them to contract
differently, effectively putting a strain on both materials [122].

At the most prominent fractures, the strain is relaxed to nearly
zero, which, again, is to be expected, as fracturing is a mechanism
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Figure 5.8: ωG-ω2D scatter plot for bare
and hBN-covered graphene. White su-
perimposed axes can be used to read
the corresponding values of hydrostatic
strain and hole doping for each spec-
trum. Points are lightened according to
their local density in the ωG-ω2D space,
so that the distribution can still be seen
clearly even when points overlap.
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Figure 5.9: Spatial maps of strain
and doping in bare and hBN-covered
graphene. (a) Hydrostatic strain distri-
bution. (b) Hole concentration distribu-
tion. Grey areas correspond to regions
with no graphene. −0.2%
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that takes a system from a state of high strain to a relaxed state.
At the upper right edge of the graphene, there is a region with less

tensile strain than the rest of the bare graphene. The close proximity
to the large fracture is likely to cause relaxation of a significant area
of the graphene flake nearby.

On the other hand, at the graphene fold (shown in figure 5.4 (b))
and the area of graphene spreading out from the fold, there is a
higher degree of tensile strain than in the surrounding area of graph-
ene. It should be noted that while the area of high tensile strain is
directly localised at the fold, its shape does not coincide with the
fold. In other words, it protrudes significantly wider than the topo-
logical dimensions of the fold.

It is interesting to note that many of the physical features of the
sample appear clearly by their effect on the strain, whereas they are
comparatively subtle in the AFM.

Figure 5.9 (b) shows the corresponding map for the hole concen-
tration of heterostructure A. The average doping of graphene protec-
ted by the hBN layer is ∼1× 1012 cm−1, which is significantly lower
than the∼3× 1012 cm−1 value for the exposed graphene. This clearly
demonstrates the protective properties of the hBN layer, which shields
the underlying graphene from environmental adsorbates, the primary
source of external charge carriers in exfoliated graphene [134].

A decrease in carrier concentration is observed both at folds and
fractures in graphene, and also at those areas where a fold spreads
out into the surrounding graphene Interestingly, this reduction is
seen both in hBN-covered graphene and bare graphene, indicating
that in this case the effect is not related to the environmental doping.

At both folds and fractures, we can expect a certain degree of
delamination of the graphene from the substrate. Having ruled our
environmental effects, it is therefore likely that the lower doping at
these features is due to a reduction of charge transfer from SiO2 to
graphene.

5.2.2 Heterostructure B: encapsulated graphene with bubbles

Heterostructure B is shown in the annotated optical image in figure
5.10. It consists of a sheet of SLG sandwiched between two flakes of
hBN, both of ∼20 nm in thickness.

During the transfer process, bubbles were introduced between the
layers, most likely due to stacking at an insufficiently high temper-
ature [139]. Many of these bubbles are large enough to be clearly
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5 µm

graphene edge

hBN edge

AFM area

Figure 5.10: Heterostructure B optical
image. Outlines showing the graphene
and hBN edges are determined from
the heights of the graphene 2D peak
and hBN peak, shown in figure 5.12.
The dark spots in the centre of the het-
erostructure are surface contamination.

observed both optically and via AFM, as shown in figure 5.11, even
through the ∼20 nm-thick hBN on the top of the heterostructure.

As for heterostructure A, a Raman datacube was collected from
the heterostructure, and Lorentzians were fitted to the graphene and
hBN peaks. The fitted intensities of the 2D and hBN peaks were then
used to determine points corresponding to graphene and hBN areas
as shown in figures 5.12 (a) and (b), and figure 5.10.

The map of the D to G peak intensity ratio ratio in figure 5.12 (c)
shows a low average defect density. However, there are high ID/IG

values at the edge of the graphene sheet inside the hBN, which is to
be expected, and there are 1d features, which spread from the upper
right of the flake where graphene is exposed to the air (as shown in
figure 5.10). These features can be attributed to fractures introduced
during the stacking of the heterostructure. Interestingly they are not
visible in either the optical or AFM images.

5 µm

0 10 20 30 40 50
z / nm

Figure 5.11: Heterostructure B AFM im-
age, taken from the area indicated in
figure 5.10. The white arrow shows the
location and thickness of the line pro-
file shown in figure 5.16. The contam-
ination shown in figure 5.10 meant that
an image of the whole heterostructure
couldn’t be captured.

In general, the bubbles are not visible in the defect map, which
indicates that the bubbles do not damage the graphene lattice via
excessive strain. Though there are some bubbles in the lower right
of the heterostructure which show high defect density. These de-
fects were introduced by mistake in previous Raman measurements,
by using a laser power which was too high, so are not an intrinsic
property of the sample.

The graphene and hBN to the left of the Raman scanned area is
not fully encapsulated and is complicated by folds in the hBN, as can
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Figure 5.12: Heterostructure B Raman
intensities. (a) 2D peak intensity, red
lines indicate the threshold intensity
above which the sample was identified
as containing graphene. (b) hBN peak
intensity, yellow dotted lines indicate
the threshold intensity above which the
sample was identified as containing
hBN. (c) D to G peak intensity ratio.
Grey areas correspond to regions with
no graphene.
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be seen in figures 5.12 (a) and (b), and figure 5.10. For this reason I
will limit the area of the scan focused on in the rest of this section
to the smaller region indicated in figure 5.12 (c). Only a very small
portion of the remaining graphene is not fully encapsulated (at the
top-right and bottom-right extremes of the graphene area).

The histograms in figure 5.13 show values of I2D/IG and Γ2D

clustered at ∼3.2 and ∼22.5 cm−1 from the graphene in this region.
These are typical values for good-quality hBN-encapsulated SLG [101].
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Figure 5.13: Key Raman indicators for
encapsulated graphene. (a) 2D to G
peak ratio. (b) 2D peak width. Histo-
grams shown are Gaussian kernel dens-
ity estimates.

A scatter plot showing the distribution of ωG and ω2D across het-
erostructure B is shown in figure 5.14. Once again, the axes showing
the vector decomposition scheme described above are added for clar-
ity (as in figure 5.2).

The points on the scatter plot are much more densely packed than
they were for heterostructure A, implying a smaller overall variation
in both doping and strain. This is a reflection of the fact that the
majority of the graphene flake is fully encapsulated, as well as the
smaller size of the area under inspection.

The average carrier concentration is close to zero, indicating that
graphene is close to charge neutrality as would be theoretically ex-
pected for fully encapsulated graphene, as hBN shields graphene
from environmental adsorbates and substrate doping [11, 30, 68,
140]. We also observe the scatter in ωG of ∼ ±1 cm−1 reported by

Figure 5.14: ωG-ω2D scatter plot for en-
capsulated graphene. White superim-
posed axes can be used to read the cor-
responding values of hydrostatic strain
and hole doping for each spectrum.
Points are lightened according to their
local density in the ωG-ω2D space, so
that the distribution can still be seen
clearly even when points overlap.
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Figure 5.15: Spatial maps of strain
and doping in encapsulated graphene.
(a) Hydrostatic strain distribution.
(b) Hole concentration distribution.
Grey areas correspond to regions with
no graphene. The black and white
arrows show the location and thickness
of the line profiles shown in figure 5.16.

previous works [108, 128].7 7 It is interesting that some points are
returned on the left of the strain axis,
which should supposedly be unpopu-
lated, as shown by figure 5.2. This is
most likely due to a small offset of the
origin point caused by dielectric screen-
ing, as discussed in section 5.1.1.

The map of the hydrostatic strain across the heterostructure is
presented in figure 5.15 (a).

The native strain in the encapsulated graphene is slightly more
compressive compared to freestanding graphene, with the strain vary-
ing from around −0.06 to −0.03 %.

Within the bubbles, the graphene becomes nearly strain-free or
slightly tensile strained. The damaged bubbles in the lower right part
of the heterostructure show a tensile strain of ∼0.06 %, though the
high defect density there means the vector decomposition analysis
may be less reliable. In all cases, the peak value of the tensile strain
is at the centre of the bubbles, which is to be expected for bubbles in
2d materials [70, 136].

At the 1d features shown in the defect density map in figure
5.12 (c), there may be a small relaxation of the compressive strain,
however the strain variations that correlate to bubbles make this dif-
ficult to judge. At the edges of the graphene flake, there is a higher
tensile strain of ∼0.06 %, except for the small area of graphene in the
top right corner, which is exposed to the air and only in contact with
the lower of the two hBN flakes. It is interesting to note that there
are a relatively large number of small bubbles clear from the strain
map that are not visible in either the optical image or AFM.

The map of the hole doping is presented in figure 5.15 (b).
As shown in figure 5.14, the encapsulated graphene is close to

charge neutrality. However, the spatially resolved doping image
shows that rather than being random, the scatter in the peak pos-
itions is correlated to nanoscale features of the heterostructure. The
ability to resolve such features clearly demonstrates the capability of
the confocal Raman method to probe carrier concentration variation
over nanoscale domains.

The bubbles have a clear effect on the carrier concentration, how-
ever the profile of the charge distribution across a bubble in this
sample looks very different to that for strain. The charge distribu-
tion shows a crater like shape with rings of positive charge forming
along the bubble edge.

Line profiles, taken across a bubble in the strain and doping maps
together with an AFM height profile, are shown in figure 5.16. Unlike
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Figure 5.16: Line profiles taken across a
bubble. The filled area shows the height
determined by AFM. The red solid
line and blue dashed lines show the
hole concentration and the hydrostatic
strain, determined by Raman. The loca-
tion of the profile in the heterostructure
is indicated in figures 5.11 and 5.15.
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the strain, which peaks at the centre of the bubble, where the AFM
also shows the greatest height, the charge concentration is greatest
on the sides and edges of the bubble. It is important to note that
bubbles in graphene are buried under the ∼20 nm-thick top layer of
hBN, which masks the exact topography of the bubbles as measured
by AFM.

It is worth considering the possible mechanisms that can lead to
such charge density fluctuations in the bubble structures.

It has been shown that nanoscale bubbles can induce PMFs in
graphene [20], which can lead to the emergence of pseudo-Landau
levels and cause charge density variations within the bubbles [15,
141–143]. However, fitting the height and strain profiles of the bubbles
in this work to simple membrane models [143, 144] suggests that the
resulting PMFs are too weak (∼10 mT) to induce the strong spatial
fluctuations seen in the experiment.88 I’m grateful to Stephen Power and

Antti-Pekka Jauho for this analysis. In the absence of pseudomagnetic effects, a sharp interface at the
edge of the bubble can induce electronic standing waves within the
bubble [15, 143], similar to a quantum corral [145]. Certain modes
in such systems exhibit ring like features [146], but a wider range
of modes with different features, including central peaks, should oc-
cur for bubbles of different sizes, whereas the experimental system
studied here only shows ring type features. Furthermore, the Fermi
wavelengths required for such long-range oscillations are inconsist-
ent with density fluctuations of ∼1× 1012 cm−2 in the experimental
system.

Sharp interfaces can also give rise to significant localised states in
their own right [15, 143] due to discontinuities in the strain profile,
but the bubbles in this system do not present sharp enough interfaces
when approximated using the membrane model. Furthermore, no
discontinuities are noticed in the strain profiles near the bubble edges
in figure 5.16.

A work by Huang et al. reported qualitatively similar features
in Raman on graphene bubbles [147], which they attribute to op-
tical standing waves forming inside the bubbles at certain heights.
However, the bubbles studied in that work are on the order of hun-
dreds of nanometres high and several microns in radius, much larger
than those studied in this work, which I measure from AFM to be
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(18± 3) nm in height and (600± 100) nm in radius. It is therefore
unlikely that the doping variations we see are due to the same mech-
anism.

Increased reactivity is predicted when graphene is strained [148],
and a consequent charge transfer between graphene and various ad-
sorbants could lead to charge density fluctuations. However, the
increase in charge density in our case does not coincide with the
maximum strain, and there are no defect signatures in the Raman
data.

Ruling out these possibilities, the charge density features could
be caused by modulation of the graphene-hBN interaction near the
cavity edge, possibly due to varying interlayer separation [149] or
edge potentials at hBN edges [150].

5.3 Conclusions

In this chapter, I showed how vector decomposition analysis of Ra-
man spectra allows us to separately probe the mechanical strain and
charge doping of graphene heterostructures. In turn this can re-
veal important details about the structure and quality of the materi-
als. The two heterostructures investigated allowed us to study three
types of graphene: bare graphene on SiO2, hBN covered graphene,
and fully hBN-encapsulated graphene.

As both the bare and hBN covered graphene were in heterostruc-
ture A, I was able to directly probe the effects of the capping layer on
the material properties. I observed an increased compressive strain,
caused by thermal contraction of the hBN after it was stacked at high
temperature [122, 139], and a decrease in carrier density, caused by
protection from environmental adsorbates [11]. However a doping
reduction at fractures and folds, attributed to delamination from the
substrate, was observed for both bare and covered graphene. This
shows that even after protecting the graphene from the atmosphere,
there may still be a sizeable contribution to the graphene charge dis-
order arising from varied interaction with the SiO2.

As only fully encapsulated graphene was probed in heterostruc-
ture B, the variations in strain and doping were much less significant
than in heterostructure A. This is to be expected, as the graphene
was protected from charge disorder from both the atmosphere and
the substrate. The variations that remained were dominated by the
high density of interlayer bubbles in the heterostructure. The strain
profile of the bubbles was as expected, with the centres of bubbles
more tensile strained than the edges. By contrast, the doping pro-
file of the bubbles was marked by interesting ring-shaped features,
which were difficult to explain, but may arise from varying interlayer
spacing between the graphene and hBN.

The foremost advancement presented in this work was the com-
bination of the vector decomposition analysis with high-resolution
confocal Raman, to enable spatially resolved, quantitative imaging
of nanoscale strain and doping. Previous works using the same ana-
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lysis model focused primarily on analysing the average properties of
samples by looking at the distributions of points in ωG-ω2D scatter
plots, and they reported a scatter in ωG of ∼ ±1 cm−1 [108, 128].
But with spatial mapping, and comparison with colocalised AFM, I
showed that this scatter is not random, but results from variations
in strain and doping arising from nanoscale features of the samples,
such as cracks, folds, wrinkles and bubbles.

If strain engineering of 2d materials is to become viable, we will
need a thorough understanding of the role played by features like
these in determining the strain and doping of graphene-based devices
and heterostructures. The method demonstrated here provides a
purely optical, non-invasive tool for probing arbitrary strains and
doping in graphene at the nanoscale. It can reveal variations in
physical parameters that are not accessible by methods like AFM
or optical microscopy alone, so could form a crucial diagnostic tool
for quality control of graphene-based nanodevices.



6
Subwavelength infrared domains
within graphene bubbles

In chapter 5 I demonstrated a method for imaging graphene’s strain
and doping using vector decomposition analysis of Raman datacubes.
I also showed that interlayer bubbles in hexagonal boron nitride
(hBN)-encapsulated graphene introduce nanoscale strain and doping
variations, which can be successfully imaged using the technique.

In this chapter, I build upon that work by measuring interlayer
bubbles in another, less disordered, encapsulated graphene hetero-
structure. I use scanning near-field optical microscopy (SNOM) to
show that bubbles with complicated shapes contain strongly absorb-
ing, subwavelength domains for infrared (IR) light. Comparing these
results with Raman strain and doping maps, as well as atomic force
microscopy (AFM) and atomic force microscope infrared spectro-
scopy (AFM-IR) measurements, I conclude that the domains we see
are influenced by strain in the graphene. This result has key con-
sequences for the design of strain-modulated, graphene-based opto-
electronic devices in the IR.

Much of the work in this chapter has been published in the paper
Strongly Absorbing Nanoscale Infrared Domains within Strained Bubbles
at hBN–Graphene Interfaces in the journal ACS Applied Materials &
Interfaces (see Dissemination). I’m very grateful to our collaborators
at the University of Manchester, particularly to Matt Hamer, who
fabricated the heterostructure studied in this chapter.

The unique optoelectronic properties of graphene and hBN make
them ideally suited for a variety of IR applications [27, 151]. In
graphene, coupled oscillations of light and free charge carriers called
plasmon polaritons (PPs) have wavelengths many orders of mag-
nitude smaller than the diffraction limit, long lifetimes and excep-
tional electronic tunability via gating [22, 152, 153].

Similarly in hBN, coupled oscillations of optical phonons and light
called hyperbolic phonon polaritons (HPhPs) have short wavelengths
and long lifetimes, as well as negative phase velocities [34, 35, 154,
155]. When the two materials are layered together in van der Waals
(vdW) heterostructures they support hybrid phonon-plasmon polari-
tons [64], as well as even longer polariton lifetimes [23] and moiré
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modulated polariton dispersions [156]. A range of optoelectronic
devices have exploited these properties, including photodetectors
operating in the IR [157] and THz [158] regions, and optical mod-
ulators with footprints as small as 350 nm [8, 159].

Recently, a great deal of attention has been paid to the effects of
strain on two-dimensional (2d) materials [13]. Examples of strain
effects in the IR regime include demonstrations that the dispersion
of HPhPs is altered by the presence of strain in hBN [160], and that
wrinkles in graphene may act as scattering sites for PPs [161].

Bubbles and wrinkles in vdW heterostructures are deformations,
which are well known to correlate with strain in 2d materials [70,
162]. These features have recently emerged as an interesting platform
to study the effects of strain effects. For example in transition metal
dichalcogenides (TMDs) bubbles have been shown to act as highly
localised photoluminescent emitters, with strain-dependent peak en-
ergies [73]. Similarly in graphene, nanoscale bubbles have been
shown to act as localised plasmonic hotspots [123], and to sustain
high-Tesla pseudomagnetic fields [20, 126]. On top of that, graphene
wrinkles have shown unequivocal quantum dot signatures [19] and
both wrinkles and bubbles have been proposed to be effective valley
splitters [14, 18, 19, 163, 164].11 See section 1.1.2 for more detail on the

effect of strain on graphene’s electronic
properties.

Bubbles in vdW heterostructures arise from the ultra-thin layer
of surface contamination that coats 2d materials [5, 71, 72]. This
contamination is believed to originate either from adsorbed atmo-
spheric hydrocarbons and water vapour [5, 11], or from polymers
used during heterostructure fabrication [88]. They are formed via
the self-cleaning mechanism of vdW heterostructures described in
section 2.2.2.

One benefit of using bubbles to study strain in 2d materials is that
the stochastic nature of their formation means they provide a wide
range of strain values and configurations. This means that, with
a suitable method to measure local strain, a single sample can be
used to correlate strain with any strain induced effects, without the
need for external sources of strain variation. These strain-induced
effects have great potential for exploitation in novel devices, which
may be based on bubbles themselves, or on more controllable meth-
ods of straining 2d materials, such as transfer onto engineered sub-
strates [113, 136, 165–169].

From a different perspective, the ubiquity of bubbles means it is
also important to understand any unintended effects they may have
on devices, for quality control purposes. Particularly because the
small sizes of modern devices are comparable to those of typical
bubbles in van der Waals heterostructures. For large-scale produc-
tion of graphene-based IR devices to become viable, knowledge of
the role that bubbles may play in device performance is vital.

The practice of encapsulating graphene in hBN is now standard
for graphene devices intended for ambient operation, as described
in section 2.2.1. In the IR, hBN encapsulation has been shown to
enable low loss PPs in graphene, with strong field confinement and
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hybridisation with hBN HPhPs [23].
In this chapter, I use SNOM to probe the nanoscale IR response

of a network of variously shaped bubbles in an hBN-encapsulated
graphene heterostructure. This reveals distinct domains with signi-
ficantly enhanced absorption within individual bubbles at wavenum-
bers, k, in the region of 1000 cm−1. The same domains are not repro-
duced at 1362 cm−1, which shows the effect is wavelength depend-
ent. The domain boundaries correlate with ridges in the shape of
the bubbles, which leads us to attribute them to nanoscale domains
with different strain configurations. I investigate this further by us-
ing confocal Raman spectroscopy, along with vector decomposition
analysis (as described in chapter 5), to create spatial maps of strain
and doping variations in the same heterostructure. I demonstrate
that networks of bubbles induce mixed and intricate strain configur-
ations, with localised areas of mostly uniaxial or biaxial strain. This
is accompanied by a pronounced increase in hole doping induced by
the contaminants in the bubbles.

SLG

∼290 nm SiO2

∼220 nm hBN

∼1.2 nm hBN

interlayer contamination

Figure 6.1: Side-on schematic of the het-
erostructure studied in this chapter.

6.1 Network of bubbles in encapsulated graphene

The encapsulated graphene sample studied in this chapter was fab-
ricated from mechanically exfoliated crystals using the (poly)methyl
methacrylate (PMMA) dry transfer technique which is described in
section 2.2.3.

A ∼1.2 nm-thick hBN layer was used to pick up a graphene crystal
with a suitable area of single layer graphene (SLG). The resultant
stack was then deposited onto a ∼220 nm-thick crystal, which had
been exfoliated onto a 290 nm-thick SiO2 substrate. After the transfer,
the sample was annealed for 3 hours at 300 ◦C, to promote bubble
formation via self cleaning [70].

Based on observations made during each step of the transfer (and
the Raman analysis in section 6.4 below), I assume that the contam-
ination in the bubbles in the final heterostructure is trapped between
graphene and the lower hBN layer.

Figure 6.1 shows a schematic cross-section of the final structure of
the heterostructure, and a top-down optical microscope image of the
heterostructure is shown in figure 6.2.

10 µm

graphene

upper hBN

region studied

Figure 6.2: Optical microscope im-
age showing bubbles in encapsulated
graphene. I’m grateful to Matt Hamer
for this image.

The thick lower hBN layer fills the entire field of view. The SLG
area was identified by Raman spectroscopy and is indicated with a
solid, yellow line. The extent of the upper hBN layer, which is hard to
see in the optical image, was identified using AFM and is indicated
with a dashed, blue line. The darker purple areas in the image are
multilayer graphene.

Many bubbles with varied shapes and sizes are visible as blue dots
in the encapsulated area of the heterostructure. In the rest of this
chapter I will focus on a representative area of the heterostructure,
which is indicated by a black, dotted rectangle in figure 6.2.

Zooming in on that area using peak-force tapping AFM reveals
that the large bubbles are connected by thin wrinkles or filaments. It
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Figure 6.3: AFM topography of bubbles
in an encapsulated graphene hetero-
structure. The scale of the z-coordinates
has been exaggerated to show topo-
graphical features more clearly.

11.6 µm

8.3
µm 0 nm

93 nm

also reveals smaller, more circular bubbles, which are disconnected.
This is shown in the three-dimensional (3d) image in figure 6.3.

These filaments are related to the shape of the bubbles, with the
number of filaments connected to each bubble corresponding to the
number of sharp corners in its footprint. This signals that the prox-
imity of the bubbles in this heterostructure led to their exerting a
collective influence on each other’s shape during formation, which
may explain their varied and complicated geometry.

As well as the filaments, the AFM also shows one-dimensional
(1d) ridges in the sides of the larger bubbles, which separate regions
of different curvature. Such 1d features in 2d materials result from
Poisson contraction [170], a feature associated with uniaxial strain
configurations [19].

The scratch visible in the centre of the image was introduced dur-
ing fabrication and is not due to the peak-force AFM, which used a
gentle setpoint of 500 pN to avoid damaging the bubbles.

Importantly, the large variety of shape deformations introduced to
the 2d materials by the bubbles shows that this area must feature a
wide range of strain configurations, making it well suited to studying
strain effects in graphene.

6.2 Nanoscale infrared domains within bubbles

If graphene and hBN are to be exploited in nanophotonic devices,
it is important to understand the effect of any nanoscale features on
their local IR properties. I used SNOM to probe how the bubbles af-
fect our heterostructure’s IR response.2 This allows imaging of com-2 See section 3.2 for detail on this tech-

nique. plex light-matter interactions at a resolution many orders of mag-
nitude below the diffraction limit, typically ∼30 nm, as described in
section 3.2.

Figure 6.4 shows the third-harmonic near-field scattering amp-
litude, s3, and phase, φ3, from the same area of the sample as shown
in figure 6.3. The maps were taken using excitation wavenumbers of
1000 and 1362 cm−1.

The backscattered amplitude at 1000 cm−1, shown in figure 6.4 (a),
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k = 1000 cm−1
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Figure 6.4: SNOM maps of a network
of bubbles in encapsulated graphene at
k = 1000 and 1362 cm−1. (a, b) Near-
field scattering amplitude, normalised
to the flat graphene by dividing by
the median value from the image.
(c, d) Near-field scattering phase, norm-
alised to the flat graphene by subtract-
ing the median value from the image.
The enlarged portion of (a) highlights
the distinct domains observed within a
single bubble.

is significantly reduced at the bubbles and filaments, and there are
two distinct levels of contrast seen within the larger bubbles. One
level has an amplitude of ∼0.6 and the other has an amplitude ∼0.25
times the level of the flat graphene (shown by red and white outlines
in the zoomed portion of the image). Interestingly, these two distinct
amplitudes form sharply bounded domains, whose edges correlate
well with the 1d ridges in the sides of the bubbles which were seen
in figure 6.3.

The amplitude at 1362 cm−1, shown in figure 6.4 (b), is also re-
duced at bubbles and filaments compared to the flat graphene, how-
ever to a lesser extent. The amplitude within the bubbles is also more
homogeneous and the same pronounced domains are not observed.

Figure 6.4 (c) shows the corresponding near-field scattering phase
at 1000 cm−1. The same domains seen in figure 6.4 (a) are clearly
visible, with their sharp boundaries appearing in the same position.
The parts of the bubbles with the greatest amplitude reduction have
a significant phase shift of ∼90°. This is particularly noteworthy,
because such large phase shifts are a hallmark of strong light-matter
interactions, which may indicate polaritonic resonances in the mater-
ial [79]. The remaining parts of the same bubbles are characterised
by a slight negative phase shift of ∼5°.

Conversely, the phase shifts within bubbles at 1362 cm−1, shown
in figure 6.4 (d), are much smaller, at ∼30°, and the domain structure
is significantly less pronounced.

6.3 Spectroscopic characteristics of the bubbles

To investigate the wavelength dependence of the sharp domains that
appear at 1000 cm−1 in more detail, the bubble highlighted in fig-
ure 6.4 (a) was imaged repeatedly at a higher resolution, while chan-
ging k from 960 to 1040 cm−1.
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Figure 6.5: Wavelength dependence of
the domains near 1000 cm−1 for a single
bubble. (a-e) Near-field scattering amp-
litude images, normalised to the flat
graphene by dividing by the median
value from each image. (f) Kernel
density histograms showing the distri-
bution of s3 values from within the
bubble, overlaid with error bars show-
ing the means and standard deviations
returned from fitting a 2-component
GMM. Lines are coloured to match the
guide to the domains shown left of (a).
(g-k) Near-field scattering phase im-
ages, normalised to the flat graphene
by subtracting the median value from
each image. (l) Kernel density histo-
grams showing the distribution of φ3
values from within the bubble, over-
laid with error bars showing the means
and standard deviations returned from
fitting a 3-component GMM. Lines are
coloured to match the guide to the do-
mains shown left of (g).
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Figures 6.5 (a-e) show the resulting third-harmonic near-field scat-
tering amplitude maps from the bubble and the surrounding area.
The bubble is again split into two domains as was seen in figure 6.4 (a).

To investigate these internal domains more clearly the s3 values
from within the bubble were isolated by selecting only those values
whose height in the corresponding AFM image was more than 15 nm
above the median flat graphene level. The distribution of scattering
amplitudes inside the bubble are shown for each k value by kernel
density histograms in figure 6.5 (f).

To gain a more quantitative measure of the evolution of these do-
mains, a Gaussian mixture model (GMM) was fit to each distribu-
tion.3 This assumes that a dataset is composed of N normally distrib-3 See chapter 8 for more details on

GMM and further applications of the
technique.

uted clusters, then uses the expectation-maximisation algorithm [171]
to determine the parameters of the N Gaussian peaks which would
best describe these clusters. Here N was set to match the number of
experimentally observed domains.

For the s3 maps we observe two domains experimentally, so use
N = 2 for the GMM. The means and standard deviations of each
Gaussian cluster returned by the GMM are overlaid as lines with
error bars in figure 6.5 (f).

To verify that the components returned are the same as the exper-
imentally observed domains, and to serve as a guide, the s3 points
were evaluated according to which Gaussian component they are
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most likely to belong to and coloured accordingly. This is displayed,
using data from k = 960 cm−1 as an example, to the left of the plot.

This analysis reveals that, close to 1000 cm−1, the amplitudes of
each domain do not vary significantly, with the left side remaining
at ∼0.6 and the right-hand side at ∼0.25 times the background amp-
litude, as in figure 6.4 (a).

Figures 6.5 (g-k) show the corresponding third-harmonic near-
field scattering phase maps. In these images there are three, rather
than two, distinct levels of phase contrast in this bubble. The third
contrast level, which wasn’t discernible in figure 6.4 (c), is now vis-
ible thanks to the higher resolution and slower tip speed of the smal-
ler scans. Relative to the flat graphene, the left side has a small
negative phase shift as before, and the right-hand side has a high
shift in the centre which is reduced at the edges. Both phase shift
domains in the right-hand side reduce with increasing k.

Once again, kernel density histograms, and the means and stand-
ard deviations of the domains returned by a GMM with N = 3 are
shown for the phase values in 6.5 (l). This reveals that the leftmost
domain (shown in red to the left of 6.5 (g)) with a slight negative
phase shift of ∼5° is wavenumber independent. However the do-
mains with large phase shift are wavenumber dependent, with the
centre-right domain (blue) shifting from∼150° to∼90° and the edges
of the right-hand side (yellow) shifting from ∼75° to ∼30°, with a k
increase from 960 to 1040 cm−1. This local wavelength dependence
hints that the region around 1000 cm−1 could be the side of an ab-
sorptive peak for these domains [172–174]. Unfortunately, the prac-
tical tunability range of our quantum cascade laser (QCL) precludes
probing wavenumbers below ∼960 cm−1, however it may be that at
lower wavenumbers, further from the universal absorption regime,
the phase shift is even higher.

6.3.1 Wavelength dependence of the domains across the mid-IR

Figure 6.6 shows the SNOM amplitude and phase images from a
bubble in the heterostructure, at a wider range of frequencies than
shown above, using multiple QCL sources. The main feature focused
on in this chapter is the sharply defined domains, whose boundaries
coincide with topographic ridges, which can be seen most clearly in
figure 6.6 (f), for k = 1000 cm−1.

At other wavenumbers there is a less pronounced difference in
phase between the two halves of the bubble, and there is a seem-
ingly wavelength-independent drop in the scattered amplitude in
the upper half of the bubble. This may be related to the different
thicknesses of contaminant, or to a difference in the adhesion of the
contamination to the bubble walls [149]. Importantly, this has less
spatial correlation with the 1d ridges, which may give some explan-
ation for the three distinct phase domains we see in figure 6.5: a
superposition of effects from a wavelength-independent feature re-
lated to the bubble geometry or thickness, and a sharply bounded
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Figure 6.6: Single bubble imaged with
a range of frequencies. (a-e) Near-
field scattering amplitude images at k =
1000 − 1820 cm−1, normalised to the
flat graphene by dividing by the me-
dian value from each image. (f-j) Cor-
responding Near-field scattering phase
images, normalised to the flat graphene
by subtracting the median value from
each image. The feature in the lower
left of the images is a clump of surface
adsorbants which accumulated at the
edge of a scan region during repeated
AFM measurements of another bubble
(the scans in figure 6.5).
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domain which only appears close to 1000 cm−1.
There is also a strong absorption at 1550 cm−1 which is more ho-

mogeneous across the whole bubble. We see this same absorption
signature from an accumulated mass of surface adsorbants (left after
repeated AFM scanning of another bubble) in the lower left of the
image. For this reason, we can attribute this particular absorption
to the influence of the material that fills the bubble, which is very
likely to be composed of the same adsorbants which accumulate on
the upper surface [5].

6.3.2 Probing the chemical contents of bubbles with AFM-IR

Figures 6.7 (a) and (b) show SNOM amplitude and phase images
from a bubble in the heterostructure outside of the region focused
on in the rest of this chapter. It has the same characteristic nanoscale
optical domains as the bubble shown in figure 6.5, albeit with slightly
different shape.

To probe the contents of the bubble, I used resonance-enhanced
AFM-IR, to collect IR absorption spectra comparable to those found
from Fourier transform infrared (FTIR) spectroscopy, but with a spot
size of ∼30 nm [86].44 See section 3.3 for more detail on this

technique. The contact resonance of the tip and sample varied with the tip po-
sition, so before each spectrum was taken, the pulse rate was tuned
to maximise the intensity of the measured signal. Each spectrum was
normalised, then a spectrum from a flat area of the graphene-hBN
heterostructure was subtracted, to remove any background signal.
The resulting signal, shown in figure 6.7 (c), therefore shows the
difference in IR absorption between the spectrum location, which is
indicated in figure 6.7 (a), and the flat areas of the heterostructure.

The most prominent peak is ∼1360 cm−1 (though we can only
see half of this peak, due to the limited tunability of our QCL). This
might be attributed to the hBN E2g phonon resonance at ∼1370 cm−1

[31], measured indirectly through heat transfer from hBN to the
bubble contents. In general, 2d and vdW materials are hard to meas-
ure with AFM-IR, because of their high thermal conductivities and
low out-of-plane thermal expansion coefficients. However if they are
in thermal contact with a material with lower thermal conductiv-
ity and higher out-of-plane expansion, then they become possible to



subwavelength infrared domains in graphene bubbles 83

k = 1000 cm−1

11
97

53
1

a

0.0

0.5

1.0

s3 / a.u.

1 µm

b

−180°

0°

180°
φ3

1600165017001750

k / cm−1

I−
I b

g
/

a.
u.

11

10

9

8

7

6

5

4

3

2

1

13101350

(÷5)c
Figure 6.7: AFM-IR of a bubble in en-
capsulated graphene. (a) SNOM amp-
litude image. (b) SNOM phase image.
(c) Normalised AFM-IR spectra taken
from the locations indicated in (a). The
intensity of the peak on the right has
been divided by five to fit all spectra in
the same plot.

measure due to heat transfer from the 2d material causing expan-
sion of the other material [87]. This could explain why we observe
an hBN absorption on the bubble, but not on the flat area of the
heterostructure.

The only other prominent peak that we see is ∼1650 cm−1 in
spectrum 6, taken from the boundary between two optical domains,
which is most likely due to carbon-carbon double bonds. This may
be from the graphene itself, perhaps measurable due to local curvat-
ure of the graphene creating a charge imbalance on either side of
the lattice and therefore inducing a dipole, or it could be from some
other source of carbon, either inside or outside the bubble.

Besides the features discussed above, there are no significant dif-
ferences in the IR spectra obtained from different optical domains.

A recent AFM-IR work [88] was able to enhance the signal from
interlayer contamination enough to differentiate between different
forms of polymer contaminants, by concentrating the contamination
using contact mode AFM to push bubbles together[71]. However
this is necessarily a destructive technique and could not be used for
in situ measurements of bubbles.

6.4 Colocalised strain and doping mapping

The IR absorption domains are separated by ridges in the bubbles’
shape (see figure 6.3). Such 1d features are known to result from
uniaxial strain applied parallel to the feature [19, 170]. The differing
bubble shape and curvature on either side of the ridges also neces-
sitate that the domains must have different strain configurations [70,
162]. To investigate this further, I used Raman spectroscopy to visu-
alise the strain variations in this heterostructure.5 5 I used the apparatus described in sec-

tion 4.2, with a 532 nm excitation laser.Raman is routinely used as an indicator of strain, doping and
defect density in graphene [94, 108, 128]. The solid blue line in fig-
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ure 6.8 shows a spectrum taken from a flat area of the heterostructure
(indicated in figure 6.10 (a)), free from bubbles. It displays the char-
acteristic G and 2D peaks of graphene, at ∼1580 and ∼2680 cm−1.
The 2D to G height ratio of ∼3 and 2D peak full width at half max-
imum (FWHM) of ∼20 cm−1 are characteristic of high-quality hBN-
encapsulated SLG. The graphene D peak at ∼1362 cm−1 (not shown)
is not apparent, which is another indicator of defect-free graphene.1500 1550 1600 1650
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Figure 6.8: Raman spectra from a flat
area (solid blue line, location indicated
with a triangle in 6.10 (a)) and a bubble
(dashed purple line, location indicated
with a circle in 6.10 (a)).

To produce spatial maps of strain and doping, a Raman datacube
was collected from the area of the sample shown above, and Lorent-
zians were fit to the G and 2D peaks. The extracted positions for the
peak centres, ωG and ω2D, are correlated in a scatterplot in figure 6.9.

Both hole doping, nh, and hydrostatic strain, εhs, in graphene
cause a shift of the G and 2D peaks, so additional analysis is needed
to determine the separate εhs and nh contributions. This can be
achieved using vector decomposition, and comparison with empir-
ical measurements [94, 108, 114], as described in chapter 5. This
vector decomposition analysis is illustrated by the additional axes
shown in figure 6.9.

In this sample, the thick lower hBN layer leads to dielectric screen-
ing which displaces the position of the point (ωG, ω2D) correspond-
ing to unstrained, undoped graphene away from the values used to
calibrate the model [101, 137]. This would add an unquantified sys-
tematic error to the values returned.6 To bypass this issue I normal-6 This effect is more significant for this

sample than the ones discussed in
chapter 5 due to the ∼220 nm-thickness
of the bottom hBN.

ise both strain and doping to their median values and report relative
changes, ∆εhs and ∆n, rather than absolute values.

The resulting strain and doping images and a map of the splitting
of the 2D peak are shown in figure 6.10. For ease of comparison with
the colocalised Raman-acquired maps, the AFM topography image
from figure 6.3 is also included as a 2d image in figure 6.10 (a).

Figure 6.10 (b) shows the median-normalised hydrostatic strain
distribution around the area of bubbles. The greatest values of tensile
(positive) strain are localised at the centres of bubbles, coinciding
with the areas of greatest height. Interestingly the areas of graphene
and hBN in the vicinity of the bubbles (where graphene is flat and
may be assumed to be undisturbed) are not free from strain. The

Figure 6.9: Strain-doping decomposi-
tion, as discussed in chapter 5. ωG-ω2D
scatter plot for encapsulated graphene.
White superimposed axes can be used
to read the corresponding changes of
hydrostatic strain and hole doping for
each spectrum. Points are lightened ac-
cording to their local density in the ωG-
ω2D space, so that the distribution can
still be seen clearly even when points
overlap. Due to an offset induced by
dielectric screening, the strain and dop-
ing values are median normalised. 1581 1582 1583 1584 1585 1586
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Figure 6.10: Raman acquired maps
from sample. (a) AFM topography
showing the same data as 6.3 for ease of
comparison. Blue triangle and purple
circle show the locations of the spectra
in 6.8. (b) Change in hydrostatic strain
relative to the median value. Black ar-
rows show the location and thickness of
the line profiles in 6.11. (c) Splitting of
the 2D peak. (d) Change in hole con-
centration relative to the median value.

areas between bubbles, within ∼2 µm of the filaments seen in fig-
ure 6.3, show small increases in tensile strain relative to the back-
ground. Similar strain profiles, extending beyond the area of bubbles,
have previously been observed at a smaller scale in scanning tunnel-
ling microscopy (STM) studies of graphene-hBN bubbles [17].
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Figure 6.11: Height and strain line
profiles from (i) a relatively biaxially
strained bubble, and (ii) a relatively
uniaxially strained bubble. Locations
of (i) and (ii) are shown in 6.10 (b).

Additionally, at the sides of some bubbles, particularly the narrow,
elongated bubble in the centre of the image, there are small areas
of more compressive strain. These are due to Poisson contraction,
a phenomenon associated with uniaxial strain configurations [170].
This is illustrated more clearly by the AFM and εhs line profiles taken
from a more biaxially and a more uniaxially strained bubble. These
are marked as i and ii in figure 6.11, and their positions are marked
with arrows in figure 6.10 (b).

Uniaxial strains add an anisotropic deformation to the lattice, and
therefore correlate with the shear strain, εs.7 The dashed purple line

7 See section 4.4.2 for the definitions of
the different strain components.

in figure 6.8 shows a Raman spectrum taken from the central bubble
in the heterostructure (indicated in figure 6.10 (a)). The presence of εs

has caused splitting of the 2D peak. The asymmetry in the height of
the split peaks is the result of a small polarisation dependence in the
Raman measurement introduced by the diffraction grating [108].8 8 I used circularly polarised incident

light to reduce this polarisation de-
pendence as much as possible, see sec-
tions 4.4.2 and 5.1.1 for more detail on
this.

By fitting two Lorentzians to a peak, it is possible to obtain a meas-
ure of this peak splitting. I performed this for the 2D peak, and the
resulting splitting, ω

split
2D , is shown in figure 6.10 (c). As discussed

above, this should be proportional to εs. Indeed, the greatest values
of ω

split
2D correlate well with the areas of Poisson contraction in fig-

ure 6.10 (b), providing further evidence that these areas have a more
uniaxial strain configuration.

The change in hole concentration of the graphene is also returned
by the vector analysis. Figure 6.10 (d) shows the median-normalised
doping distribution. The concentration correlates well with the to-
pography of the bubbles, much more so than for εhs, showing an
increase of ∼3× 1012 cm−2 relative to the background at the bubble
locations. This confirms that the primary doping source in these
bubbles is the contaminant that fills them, and that the doping and
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strain are generally independent in this system. Doping is seen even
in the case of the small, more rounded bubbles, not connected by
filaments. The graphene between the bubbles is shown to be dopant-
free, supporting the perception that bubble formation is an effective
self-cleaning mechanism [5].

It is helpful to compare the measured changes in hole concentra-
tion with the expected behaviour. Graphene encapsulated in hBN is
known have an intrinsic doping close to charge neutrality, due to a
lack of dangling bonds in the hBN and screening of the graphene
from charged impurities and atmospheric dopants [11, 68, 140]. Fur-
thermore, the self-cleaning nature of vdW heterostructures collects
the typical hydrocarbon contaminants, which induce hole doping in
graphene [5, 11], into bubbles.

It is notable, therefore, that the doping profile of the heterostruc-
ture relative to the median closely matches the expected absolute
doping profile for encapsulated graphene, with flat areas close to
charge neutrality and increased p-type doping at bubble locations.
For this reason, we may make the approximation that ∆nh ≈ nh.

It has been predicted that an increase in εhs, should induce hole
doping in sp2 carbon [175], however the fact that we do not observe
significant doping in the strained graphene areas between bubbles,
which are far from the contaminants, suggests this is not a significant
effect in our system.

We do not observe features that immediately correlate with the do-
mains seen from SNOM in any of the Raman-acquired maps. How-
ever this is to be expected, as the spot size for our Raman measure-
ments (∼450 nm) is comparable to the lateral sizes of the domains
(∼500 nm).

6.5 Origin of the nanoscale domains

In this section I will discuss possible mechanisms leading to the
formation of the SNOM-observed IR domains.

One such mechanism could be charge inhomogeneity due to chem-
ical doping from the contaminants in the bubbles. It is known that
variations in the Fermi level, EF, can change the IR absorption of
graphene. I convert between EF and nh using equation 1.5. Apply-
ing this to the Raman-acquired nh values yields a map of EF, shown
in figure 6.12 (a).

The absorption of graphene is roughly proportional to the real
part of its frequency-dependent optical conductivity, σ(k).9 At high9 See section 1.1.3 for more detail on

graphene’s optical conductivity. photon energy, Eph, interband transitions dominate, leading to a
universal conductance value of σ0, resulting in a flat absorption of
∼2.3 %. But for photon energies below 2EF, these interband trans-
itions are prevented by Pauli blocking, which leads to a drop in ab-
sorption and a Drude-type, metallic response to light. The position
of the Pauli transition, at Eph = 2EF, depends on the level to which
the graphene is doped [22].

The optical conductivity of graphene as a function of EF, calcu-
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lated using the local random phase approximation (RPA), given in
equation 1.14, at T = 0 K, is shown for wavenumbers of 1000 and
1362 cm−1 in figure 6.12 (b) [22]. The onset of the Pauli blocked re-
gime occurs at EF = 62 and 84 meV. To compare this calculation with
the experimentally determined EF, the values from figure 6.12 (a)
are shown as a histogram in figure 6.12 (b). The Pauli transition for
k = 1000 cm−1 is also shown as a dashed white line in figure 6.12 (a).

At both wavenumbers, EF is below the Pauli transition for the
areas of flat graphene (corresponding to the prominent peak in the
histogram), which indicates that they should be in the high absorp-
tion, universal conductance regime. The doping at the bubbles shifts
EF into the Pauli blocked regime, which should be accompanied by a
reduced σ and absorption. However, the fact that we see an increase,
rather than the predicted decrease, in absorption at the bubble loca-
tions indicates that the variations cannot be explained by altered EF

alone, and that other factors need to be considered.
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Figure 6.12: Graphene Fermi level and
onset of Pauli blocking. (a) Fermi level
calculated from the Raman-acquired
data in figure 6.10. White dashed lines
show the onset of Pauli blocking at
Eph = 2EF for k = 1000 cm−1. (b) Real
part of graphene optical conductivity,
normalised to the universal conduct-
ance value, σ0. Calculated for k = 1000
and 1362 cm−1, using the local RPA at
T = 0 K [22]. Experimental EF values
from (a) are shown as a normalised ker-
nel density histogram in grey.

We should also consider the effects of the materials adjacent to
graphene in bubbles. The optical characteristics of the contamin-
ants are expected to influence the SNOM-measured absorption, via
their own IR absorption and their effect on the dielectric environment
of the graphene. AFM-IR measurements did not show a difference
in chemical composition between domains in a bubble, which sug-
gests that the contaminant composition is homogeneous across both
domains. This is in agreement with previous transmission electron
microscopy [5] and AFM-IR [88] measurements, which also showed
that contaminants are expected to be homogeneously distributed
within bubbles, and may be composed of atmospheric hydrocarbons
or polymer residue from fabrication.

The other material in contact with the graphene is hBN. Frequen-
cies in the range 960 to 1040 cm−1 are far from the reststrahlen bands,
in which hBN supports HPhPs, so we can conclude that most of the
IR activity is due to the graphene. However hBN is known to re-
duce plasmonic losses in graphene, which should lead to a general
enhancement of the near-field scattering intensity [23, 26].

One factor to consider is possible plasmonic effects in relation
to the variations in IR absorption. Graphene-hBN heterostructures,
doped above the Pauli transition are known to support PPs in the
wavenumber region around 1000 cm−1 [23]. Although we do not
observe the plasmonic standing waves typical of SNOM measure-
ments of PPs in graphene [22, 23, 26, 152, 153], this is likely due to
the lack of low-loss reflection sites for PPs, such as graphene edges.
Nevertheless, it is possible that the origin of the domains observed
at 1000 cm−1 is plasmonic in nature or has a substantial plasmonic
contribution.

Theoretical simulations of self-assembled 3d graphene nanostruc-
tures, such as pyramids and polyhedrons, have suggested that ver-
texes and edges in such structures could have strong plasmonic field
enhancement due to combined in- and out-of-plane coupling of plas-
monic modes [176]. However there is no clear evidence of this en-
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hancement at the bubble edges and vertexes in this chapter. This may
be due to the fact that the bubbles (which have heights ∼0.1× their
footprints) are much flatter than the 3d self-assembled structures
(which have heights comparable to their footprints). This would re-
duce the effect of the mode coupling.

Finally, we can consider nanoscale strain differences induced in
the graphene by bubbles. Although the Raman spot size prevents us
from visualising strain variations within individual bubbles, I have
shown that, at a larger scale, the strain configuration from a network
of closely spaced bubbles is intricate and varied. The distributions
revealed, featuring Poisson contraction and increased tensile strain
between bubbles, are similar to theoretical calculations of stress in
graphene sheets deposited over networks of trapped particles [162].

Deformations in 2d material shape are well known to correlate
with differences in strain configuration [70, 162], so I infer from the
AFM topography that there are additional nanoscale strain variations
within bubbles, though their characteristic size is below Raman res-
olution. These strain variations are expected to alter the band struc-
ture of graphene, through local modification of the lattice constant
and electron hopping energies [143].1010 See section 1.1.2 for more detail on

strain effects on graphene. Importantly, 1d strain features in graphene are known to induce
potential barriers, whose carrier transmission has an anisotropic de-
pendence on strain [19]. In the bubbles studied in this work, we can
expect the effect to be the most pronounced at the ridges, as well as at
the sharp edges at the base [15, 143]. These have been shown to lead
to confinement effects, including quantum wires and Fabry-Perot
type resonators, which can also introduce density of states (DOS)
quantisation [19].

The SNOM measurements in this chapter were carried out under
ambient conditions at room temperature. Consequently, any poten-
tial barrier or quantised energy step must be higher than the thermal
energy of the system, kBT ≈ 25 meV, to play a significant role. In
the case of quantum confinement effects, we expect energy steps on
the order of h̄vF/b, where b is the characteristic width of a strain
feature [14]. These exceed the thermal energy for features below
∼25 nm. This is on the lower resolution limit for our AFM, but it is
likely that the sharp ridges that bound the IR domains are below this
width, meaning they could present significant electronic barriers.

The presence of discrete DOS steps induced by the strain could
also influence the optoelectronic behaviour of graphene through the
additional energy gaps added to the band structure. These could
prevent certain interband transitions from taking place, as previously
allowed electronic states would become forbidden. This would lead
to a breakdown of the simple model of optical conductivity described
by the local RPA above [22].

Moreover, the presence of a bandgap would convert graphene
into a semiconductor rather than a metallic conductor, so the Drude
model of conductivity may be inappropriate, even in the already
Pauli-blocked regime. As plasmons are enhanced in metals [26],
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this could mean that the optical response of the strained graphene
has a comparatively suppressed plasmonic contribution, compared
to unstrained graphene with a similar charge doping.

6.6 Conclusions

In this chapter, I have demonstrated the existence of nanoscale op-
tical domains, with strongly enhanced absorption of light around
1000 cm−1, in bubbles in closely spaced networks in graphene hBN-
heterostructures. Using Raman spectroscopy and vector decomposi-
tion analysis, I showed that these networks induce intricate and var-
ied strain configurations in graphene and locally dope the graphene
enough to support PPs.

The different shape and curvature of the domains on either side of
the ridges mean they must have different strain configurations, and
consequent differences in electronic dispersion. This must further
alter the plasmonic dispersion and thus also affect the wavelength-
dependent degree of light-matter interaction in the graphene. It is
worth reiterating that a plasmonic explanation is only one of sev-
eral possible explanations, including the effect of adjacent materials
on the dielectric environment and doping of graphene, as discussed
above. However, in combination with the barriers presented by the
ridges, this is strong evidence that the sharply bounded IR absorp-
tion domains relate to nanoscale strain differences within bubbles.

Strain-induced areas of enhanced light absorption have great po-
tential for the design of future graphene-based IR devices. Existing
approaches to devices make use of local gates [8, 177] or graphene
patterned into nanostructures [155, 178, 179] to spatially modulate
absorption. Networks of bubbles, like the one shown here, are gen-
erally created stochastically during heterostructure assembly. How-
ever, it is possible to control global strain in graphene by, for ex-
ample, depositing it onto a flexible substrate and bending it [180].
It is also possible to create similar strain patterns to these bubble
networks in more reproducible ways.

One approach involves inflating graphene bubbles, by pumping
pressurised gas through networks of holes in a substrate [113, 136].

Or similarly, in a recent work by Hu et al., the height of in-
flated graphene membranes, suspended over patterned microwells,
was controllably modulated by changing the environmental pres-
sure [181]. Then by imaging plasmonic fringes reflecting from the
edges of the microwells, they were able to demonstrate that this also
led to a controllable modulation of the plasmonic dispersion. How-
ever it is important to note that, unlike the Hu paper, the domains
we observe are closely linked to the unique shapes of the bubbles
studied in this chapter.

An alternative approach involves depositing graphene onto arrays
of nanoparticles [165–168], or inducing periodic buckling, by anneal-
ing graphene on a non-lattice-matched substrate [169]. While these
approaches are not dynamically controllable, if a desired pattern of
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optical properties could be induced in graphene simply by deposit-
ing it onto an engineered substrate, they could provide a pathway
towards large-scale production of tailored graphene metamaterial or
photonic crystal devices.

Indeed, in the following chapter I will use optical spectroscopy
to investigate how two types of engineered substrates of this kind
might be used to induce controlled strain profiles in another vdW
material, InSe.



7
Probing strains in indium selenide
with optical spectroscopy

In this chapter I use optical spectroscopy to investigate strains in the
van der Waals (vdW) material InSe.

This builds upon the work in in earlier chapters, where I showed
that uncontrolled features of other vdW materials and heterostruc-
tures, such as bubbles and wrinkles, introduce nanoscale strains
which can be used to tune material properties. Here the focus is
on ways that we can introduce such strains deliberately. I measure
two InSe samples, both of which have been deposited onto substrates
that were engineered to induce strains and geometric deformations
to the material.

This work was part of my contribution to the paper Anomalous
Low Thermal Conductivity of Atomically Thin InSe Probed by Scanning
Thermal Microscopy by Buckley et al., in the journal Advanced Func-
tional Materials (see Dissemination). I’m grateful to Zakhar Kudryn-
skyi and Amalia Patanè for their helpful discussions, and particu-
larly to Nila Balakrishnan for fabricating the samples I measured in
this chapter.

Indium selenide (InSe) compounds are the most heavily studied of
the post-transition metal chalcogenides (PTMCs),1 because they boast 1 See section 2.1.3 for a general back-

ground on this family of materials.some distinct properties from other vdW materials. In its γ phase,
InSe is a semiconductor with a bandgap energy that increases with
decreasing layer thickness, and it undergoes a direct to indirect band-
gap transition when thinned down to a monolayer [39, 40]. It also
has a broadband photoresponse from the infrared (IR) to the ultravi-
olet [182, 183], excellent carrier mobility [41, 184], and a strain tun-
able bandgap [185].

In this chapter I use confocal Raman and photoluminescence (PL)
spectroscopy2 to investigate two samples of γ-InSe: 2 See section 4.2 for a description of the

apparatus used.

Sample A A ∼45 nm-thick flake bent over an array of (poly)methyl
methacrylate (PMMA) nanopillars on a SiO2 substrate.

Sample B A ∼12 nm-thick flake deposited onto an array of holes
patterned into a SiO2 substrate.
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In previous scanning thermal microscopy measurements of the same
samples, it was shown that the InSe had a reduced thermal con-
ductivity where it was bent over the pillars and at the edges of the
holes [42].

Two possible explanations for this are that tensile strain [186, 187]
and different substrates [188, 189] are known to affect the thermal
conductivity of InSe.

As strain also affects both the phonon frequencies and bandgap
energy [185, 190, 191], Raman and PL spectroscopy are well suited to
investigating whether either of these effects is more likely.

7.1 The Raman spectrum of indium selenide

In comparison to graphene, the Raman spectrum of InSe is character-
ised by lower frequency peaks and a lower signal level, which makes
extracting information by fitting curves more complicated. Figure 7.1
shows an example Raman spectrum taken from ∼12 nm-thick InSe,
with the visible peaks labelled according to their group theory de-
scriptions [191].

The two most prominent peaks are the A
′
1
(
Γ2

1
)

and A
′
1
(
Γ3

1
)

peaks
at ∼115 and ∼230 cm−1, and I will focus on these for the rest of
this chapter. Between them, there are two lower intensity peaks la-
belled E

′′
and A

′′
2 .3 Due to their low signal level it is hard to extract3 I have omitted their full description in

the figure: the peak marked A
′′
2 is tech-

nically A
′′
2
(
Γ1

1
)

and the peak marked
E
′′

is the degenerate combination of
E
′′ (

Γ1
3
)

and E
′′ (

Γ3
3
)
.

quantitative information from these, but as they are close to peaks of
interest, they must still be accounted for when fitting.

Below ∼105 cm−1, there is a region of suppressed signal caused
by the notch filter which removes Rayleigh scattering at the laser
frequency.4 This is very close to the Raman shift of the A

′
1
(
Γ2

1
)

peak,4 See chapter 4 for more detail on Ra-
man spectroscopy and why this filter is
needed.

so it must also be taken into account in the fit.
To determine the notch filter behaviour I fit a logistic function to a

flat background spectrum from taken from the substrate. The fitting
function used was

IRaman = IbgN (ω; ωN , ΓN) + qn,

N (ω; ωN , ΓN) =
1

1 + e−
ω−ωN

ΓN

,
(7.1)

with free parameters Ibg for the background amplitude; ωN and ΓN

for the frequency and width of the notch filter, N (ω); and qn to ac-
count for detector noise introduced after the filter. From this fit I was

Figure 7.1: The Raman spectrum of
InSe, taken from the ∼12 nm-thick flake
discussed in section 7.3. Peak assigna-
tions are based on reference [191].
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able to extract values for the cutoff frequency of ωN = 106.8 cm−1,
and width of ΓN = 5.5 cm−1. These could then be used as constants
in all subsequent Raman fits.

The fitting function I used for Raman in the rest of this chapter is
then given by

IRaman = N (ω)

[(
4

∑
i=1

L (ω; Ii, ωi, Γi)

)
+ Ibg (ω; q0, q1, q2)

]
+ qn,

L (ω; Ii, ωi, Γi) =
Ii

1 + 4
(

ω−ωi
Γ

)2 , (7.2)

Ibg (ω; q0, q1, q2) = q2ω2 + q1ω + q0,

where N (ω) is the predetermined notch filter function; L (ω) is a
Lorentzian peak with height, Raman shift and full width at half max-
imum (FWHM) Ii, ωi and Γi; Ibg (ω) is a quadratic background with
coefficients q0, q1 and q2; and qn once more accounts for detector
noise introduced after the filter.

InSe

20 µm

Figure 7.2: Optical image of indium sel-
enide on pillars. The white dashed rect-
angle marks the location of the Raman
and PL scans shown in figures 7.4 and
7.5.

An example fit using this function is shown in figure 7.1.

7.2 Sample A: indium selenide on pillars

Sample A consists of a ∼45 nm-thick flake of InSe on a SiO2 substrate
patterned with an array of PMMA micropillars. An optical image of
the sample can be seen in figure 7.2.

The pillars were created by transferring an InSe flake onto an ar-
ray of holes with a PMMA membrane.5 The membrane was left on 5 See section 2.2.3 for details of a very

similar transfer process.the substrate and cleaned away with solvents, during which some
of the dissolved PMMA was drawn into the holes to create pillars.
From atomic force microscopy (AFM) measurements, we know the
resulting pillars have an average height of ∼16 nm, a width of 1 µm,
and that they exist even in the holes which were covered by InSe [42].

The result of the pillars is that the InSe flake has an out-of-plane
deformation, as shown by the cross-section diagram in figure 7.3.
This can be expected to induce strain to the InSe, which can be
probed with optical spectroscopy.

SiO2 PMMA

∼45 nm InSe

Figure 7.3: Cross-section of InSe on a
PMMA pillar. Not to scale.

7.2.1 Raman characterisation

A Raman datacube was collected from the area indicated in figure
7.2, and the function in equation 7.2 was fit to every spectrum. The
results of this are shown in figure 7.4.

Figures 7.4 (a) and (b) show the peak area, A, for the A
′
1
(
Γ2

1
)

and
A
′
1
(
Γ3

1
)

peaks.6 The PMMA pillars can be seen in the maps as cir- 6 In this chapter I generally plot peak
area, A, rather than peak height I, for
images showing Raman peak intens-
ity. This is because when the signal-to-
noise ratio (SNR) is low, the negative fit-
ting covariance between a peak’s height
and width, Γ, can make height images
very noisy. But as A ∝ IΓ, area images
are less susceptible to this noise.

cular areas with a reduced intensity for both peaks. There is also an
increase in the peak intensity at the flake edges.

Figures 7.4 (c) and (d) show the corresponding Raman shift, ω, for
each peak. For tensile strained InSe we should expect a red shifting
of the Raman peaks [185, 190, 191], however we observe very little
shift at all. The noisy appearance of the images is a reflection that
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Figure 7.4: Raman mapping of InSe
on pillars. (a, b) Maps of peak area
for the A

′
1
(
Γ2

1
)

and A
′
1
(
Γ3

1
)

peaks. (c,
d) Corresponding maps of the peak
centres. (e-h) Zoom in of spectra av-
eraged over the regions indicated in (b)
for flat and pillar regions. Blue points
show the experimental measured data,
red lines show fits to that data and ver-
tical lines show the determined peak
centres. Line styles are set to match
those in (b).
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any peak shifting that occurs is comparable to the noise floor of the
spectral shifts we are able to resolve.

To visualise the peak stability in a different way, figures 7.4 (e)
and (f) show the A

′
1
(
Γ2

1
)

and A
′
1
(
Γ3

1
)

peaks from an area of flat InSe,
averaged from within the solid circle in figure 7.4 (b), and figures
7.4 (e) and (f) show the peaks from an area of bent InSe, averaged
from within the dashed circle.

Blue points show the measured data points, and red lines show
the curves found by fitting to the data.7 The vertical lines indicate7 It may be tempting to look at the

spacing of data points in the spectra
and conclude that we can’t resolve peak
shifts smaller than that spacing. How-
ever by fitting to the peaks we can
achieve a much finer resolution, as the
tails of a peak will span across multiple
points. The resolution of a peak posi-
tion found through fitting is known as
spectral shift resolution, and is quoted
by the manufacturer of our Raman mi-
croscope to be << 0.1 cm−1, however
the true value will also depend on the
SNR and the peak lineshape.

the Raman shift of each peak found by the fit, and it is clear that
there is almost no position change between the flat InSe and the InSe
bent by a pillar.

This is an indication that any strains induced to the InSe are small
enough that they have little effect on the spectral properties. The
relative thickness of the flake compared to the deformation may give
some explanation for this behaviour.

From the lack of observed strain, I conclude that the reduced peak
intensity seen at the pillars is due to a reduction in the general backs-
cattered intensity, caused by the differing optical properties of SiO2

and PMMA.

7.2.2 Photoluminescence characterisation

Another way to probe the strain in InSe is to use PL spectroscopy.
With increased tensile strain, we should expect a reduction of the
bandgap energy and a consequent reduction in the energies of the
PL peaks [185, 190, 191].

The ∼45 nm thickness of sample A means it can be treated as bulk
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Figure 7.5: PL mapping of InSe on pil-
lars. (a, b) Maps of peak area for the
DIand XIpeaks. (c, d) Corresponding
maps of the peak centres. (e, f) Zoom
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gions. Blue points show the experi-
mental measured data, red lines show
fits to that data and vertical lines show
the determined peak centres. Line
styles are set to match those in (a).
Peaks are drawn without including the
background, which is drawn separately.

InSe, so to fit to the measured PL spectra I use the function

IPL = G
(
E; IDI , EDI , Γ

)
+ G

(
E; IXI , EXI , Γ

)
+ Ibg (E; q0, q1) ,

G (E; Ii, Ei, Γi) = Ii2
−
(

2(E−Ei)
Γi

)2

, (7.3)

Ibg (E; q0, q1) = q1E + q0,

where G (E) is a Gaussian peak with height, centre and FWHM Ii,
Ei and Γi; and Ibg (ω) is a linear background with coefficients q0 and
q1.

There are two Gaussian components in this equation. The first
accounts for a resonance at ∼1.26 eV, which is generally attributed
to defect-bound excitons, and I shall refer to this as DI . The second
accounts for a resonance at ∼1.33 eV, which is generally attributed
to exciton recombination across the bandgap, and I shall refer to this
as XI [192]. Following the example of reference [193], I constrained
both peaks to have the same FWHM.

I collected a PL datacube from the same area as the Raman data-
cube shown above and the results of fitting equation 7.3 are shown
in figure 7.5. This includes maps of peak intensity and position, and
example spectra from a flat and bent area, as was shown for the
Raman scan.

Figures 7.5 (a) and (b) reveal that the intensity of both PL compon-
ents is enhanced at the pillar locations. There is also an enhanced
area at the upper left of the image, which overlaps both pillar and
flat regions.

Figures 7.5 (c) and (d) reveal that once again, we don’t see a signi-
ficant peak shifting. This supports the conclusion gathered from the
Raman analysis that the pillars do not significantly strain the InSe,
so we must look for another explanation for the enhanced PL.

Recently, Mazumder et al. reported an enhancement of PL emis-
sion from InSe transferred onto Si pillars [191]. They attributed this
to a breakdown of the selection rules governing which excitonic res-
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onances can be excited by linearly polarised light, caused by geomet-
ric deformations rather than strain. This is also a likely explanation
for the bright PL from our PMMA pillars.

I leave this section with one final note, which is that all the PL
and Raman measurements in this chapter were carried out at room
temperature. For PL, this can make peak assignations complicated
because the peaks we see at room temperature may be composed of
multiple different resonances with overlapping linewidths. For more
definitive conclusions to be drawn from PL, it is helpful to go to low
temperatures, where Fermi-Dirac broadening is minimised meaning
individual components can be more readily identified.

20 µm

Figure 7.6: Optical image of indium sel-
enide on holes.

7.3 Sample B: indium selenide on holes

Sample B consists of a ∼12 nm-thick flake of InSe on a SiO2 substrate
patterned with an array of holes. An optical image of the sample can
be seen in figure 7.6.

This sample was created in a similar fashion to sample A, except
that the PMMA membrane was lifted away from the substrate rather
than being cleaned away with solvents. From AFM measurements,
we know that the InSe is suspended over the holes, which have a
diameter of 3 µm, and doesn’t touch the bottom [42].

The resulting structure is shown by the cross-section diagram in
figure 7.7. We can expect high strains at the edges of the suspended
region.

SiO2

∼12 nm InSe

Figure 7.7: Cross-section of InSe sus-
pended over a hole patterned in SiO2.
Not to scale.

7.3.1 Raman characterisation

A Raman datacube was collected from an area spanning two holes in
sample A, and the function in equation 7.2 was fit to every spectrum.
The results of this are shown in figure 7.8.

Figures 7.8 (a) and (b) show the peak area, A, for the A
′
1
(
Γ2

1
)

and
A
′
1
(
Γ3

1
)

peaks. The holes can be seen in the maps by their reduced
intensity for both peaks. The elliptical appearance of the holes was
caused by lateral drifting of the sample during the scan.

Figures 7.8 (c) and (d) show the corresponding Raman shift, ω,
for each peak. At the edges of the holes, we can see a significant
red shifting of the Raman peaks, which indicates that these areas are
indeed more tensile strained as we had expected [185, 190, 191]. In
the suspended regions, the peak centre maps lose spatial coherence,
which indicates that the SNR is too low to reliably determine peak
position from fitting to the individual spectra.

To improve the SNR I took averages of the spectra from the regions
shown by the ellipses in 7.8 (b). These are representative regions of
the supported InSe, outlined by a dashed and dotted line; the edge of
the hole, enclosed between the two dashed lines; and the suspended
InSe, outlined with a solid line.

The resulting spectra are shown in figures 7.8 (e-j). As in section
7.2.1, the vertical lines indicate the Raman shift of each peak found
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Figure 7.8: Raman mapping of InSe on
holes. (a, b) Maps of peak area for the
A
′
1
(
Γ2

1
)

and A
′
1
(
Γ3

1
)

peaks. Ellipses in-
dicate the areas from which the spec-
tra in (e-j) were averaged. (c, d) Cor-
responding maps of the peak centres.
(e-j) Zoom in of spectra averaged over
the regions indicated in (b) for suppor-
ted, edge and suspended regions. Blue
points show the experimental meas-
ured data, red lines show fits to that
data and vertical lines show the determ-
ined peak centres. Line styles are set to
match those in (b).

by fitting. As we observed in the images, there is a redshift at the
edges compared to the supported InSe of ∼0.40 and ∼0.65 cm−1 for
the A

′
1
(
Γ2

1
)

and A
′
1
(
Γ3

1
)

peaks.
Importantly, by averaging over the suspended region we are able

to get a good enough SNR to reliably fit to the spectrum. Compared
to the edge region, we see a slight blue shift, particularly for the
A
′
1
(
Γ2

1
)

peak, which suggests that the greatest strain in the material
is located at the edges of the holes.

There are some factors we must consider here to assess whether
conclusions drawn from averaging over a low-signal region like this
are valid. Usually the spot size of our Raman microscope is ∼450 nm
in FWHM, which means that spectra from the centre of a 3 µm region
like these holes should have minimal overlap with spectra from the
edge. However, as the signal is very low for the suspended InSe,
there will be a proportionally greater amount of Raman signal from
the edges of the acquisition area.

Thankfully, I note that the closest points to the suspended region
with a good SNR are the points at the edge which were red shif-
ted compared to the flat InSe. The fact that we see a relative blue
shift indicates that we must have a significant contribution from the
suspended InSe, and that the true blue shift may be even higher.
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7.3.2 Photoluminescence characterisation

I collected a PL datacube from a different area of sample A, also
spanning two holes.

As sample B is ∼12 nm in thickness I fit it with the function

IPL = G (E; Ii, Ei, Γi) + Ibg (E; q0, q1) , (7.4)

which consists of a single Gaussian and a linear background. This
has shown to be a good match for the PL spectrum of ∼12 nm InSe
from literature [193]. The definition of the Gaussian function is un-
changed from the one shown in equation 7.3.

The parameter maps and representative spectra shown in figure
7.5.

We see that the edges of holes are typified by an increased peak
intensity, a blue shifting of the peak energy and a narrowing of the
peak linewidth. This blue shift is in fact the opposite trend to what
would be expected for tensile uniaxial strain [185, 190, 191].

For this reason it seems likely that the dominant effect governing
changes in the PL spectrum of this sample is once again geomet-
rical factors rather than strain [191]. It may be that what appears
as a blue shift of the peak energy at room temperature is actually
an activation of a previously forbidden higher energy resonance by
the curvature of the flake. Low temperature measurements may be
better able to distinguish between these two scenarios because of
the reduced linewidths of the peaks, which could lessen the overlap
between resonances.

I note that the peak energy for the supported InSe, at ∼1.27 eV, is
lower than the ∼1.3 eV that would be expected for a 12 nm flake at
room temperature [40]. I attribute this to a photoinduced oxidation
of the InSe [194].

Figure 7.9: PL mapping of InSe on
holes. (a-c) Maps of peak height, centre
and FWHM (d-f) Zoom in of spectra av-
eraged over the regions indicated in (a)
for supported, edge and suspended re-
gions. Blue points show the experi-
mental measured data, red lines show
fits to that data and vertical lines show
the determined peak centres. Line
styles are set to match those in (a).
Peaks are drawn without including the
background, which is drawn separately.
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7.3.3 Probing light-induced oxidation of indium selenide

To probe this further, I took a time-resolved PL measurement from an
area of supported InSe in sample B that I hadn’t measured before. I
used the same laser power which I used to acquire the images above,
which was ∼85 µW, and I recorded 130 consecutive 1 s exposures.
The resulting spectra are shown in figure 7.10 (a), with the darkest
colours representing the earliest spectra.

It is apparent that as the laser exposure goes on, the intensity of
the initial PL signal decreases, and the peak energy is red shifted.
To show this more quantitatively I fit function 7.4 to every spectrum
and plotted the normalised intensity and peak energy as a function
of time in figures 7.10 (b) and (c). Over the course of the 130 s we
see a fast threefold reduction in the intensity, and we see the energy
of the PL decrease from the expected value at ∼1.3 eV to the value
observed in the images above, ∼1.27 eV.

This is clear evidence that we are indeed seeing photoinduced
oxidation, but there is still a puzzle left to solve. The spectra in
the PL datacube taken above only used a 3 s exposure time, though
we have seen that it takes ∼130 s for the oxidation to reduce the
peak energy to the observed value. The reason for this is that the
Raman datacubes were deliberately oversampled to yield a better
image quality: the spot size of the measurement is ∼450 nm, but
each spectrum in the map is only 100 nm away from its neighbours.
This means that there is a significant overlap between consecutive
exposures which significantly increases the effective time that each
area of InSe is exposed to the laser.

I used the same exposure settings for both Raman and PL, which
means we can therefore also expect oxidation to have occurred dur-
ing the Raman acquisition. To quantify any effects that this may
have, I performed a time-resolved Raman measurement using the
same methodology as for the PL. The results of this are shown in
figure 7.11.
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s Figure 7.10: Time-resolved PL of InSe.
(a) A series of 130 consecutive 1 s PL
exposures taken from a single spot on
the supported InSe. The colour of each
spectrum is mapped to its starting time
relative to the start of the measurement
series, with darker lines showing earlier
measurements. (b) The amplitude of a
single Gaussian peak fit to each spec-
trum from (a) as a function of time,
found from fitting equation 7.4 to the
data shown in (a). (c) The correspond-
ing peak energy of the same peak as a
function of time.



100 nanoscale light-matter interactions in van der waals materials

Figure 7.11: Time-resolved Raman of
InSe. (a) A series of 130 consecutive 1 s
Raman exposures taken from a single
spot on the supported InSe. The col-
our of each spectrum is mapped to its
starting time relative to the start of the
measurement series, with darker lines
showing earlier measurements. (b) The
amplitude of the A

′
1
(
Γ2

1
)

and A
′
1
(
Γ3

1
)

peaks relative to their starting amp-
litude as a function of time, found from
fitting equation 7.2 to the data shown
in (a). (c) The corresponding shifts of
the same peaks from their mean posi-
tions, 115.35 and 227.25 cm−1, as a func-
tion of time.
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During the time-resolved measurement, we observe a decrease in
the intensity of both A

′
1
(
Γ2

1
)

and A
′
1
(
Γ3

1
)
. However unlike for the PL

peak, the decay is roughly linear with time, and we don’t observe
any frequency shifting of the Raman peaks.

7.4 Conclusions

I used Raman and PL spectroscopy to investigate strains in two InSe
samples.

In sample A, the ∼45 nm thickness means that the PMMA nanop-
illars did not induce a significant strain that we could detect with Ra-
man spectroscopy. This is good evidence that the decrease in thermal
conductivity observed at the pillars [42] is related to the difference
in the substrate [188, 189]. Nevertheless, we observed clear PL signa-
tures which I attribute to relaxation of the selection rules governing
excitonic resonances by geometric deformations to the material [41].

In sample B, we did observe clear signatures of tensile strain via
Raman, at the edges of the holes where the drop in thermal conduct-
ivity was observed [42]. This suggests that strain plays a significant
factor in the thermal conductivity of the thinner ∼12 nm sample, in
line with previous reports [186, 187]. We also observed a distinct PL
spectrum, characterised by an apparent blue shift of the PL energy
and an increase in intensity. As this is the opposite behaviour to that
expected for strained InSe, I once more attribute this to geometric
effects caused by the deformation around the patterned substrate,
rather than strain.

Finally in the thinner sample, we observed clear signs of oxida-
tion caused by laser induced heating [194]. This may be exacerbated
by the reduced thermal mass compared to the bulk material, but is
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also further evidence of the anomalously low thermal conductivity
of InSe compared to other vdW materials [42].

On top of their significance for InSe, the results from sample B are
clear evidence that nanoscale strains, like those studied in chapters 5
and 6, can be induced controllably in sufficiently thin vdW materials
by substrate engineering.





8
Data cluster analysis of twisted bilayer
graphene

In chapters 5 and 6 of this thesis I showed how nanoscale features of
van der Waals (vdW) heterostructures, such as fractures, folds and
bubbles, induce highly localised variations to the materials’ opto-
electronic properties. These could be exploited in devices, but the
fact that they typically appear stochastically means that time spent
searching for desired features could become a major bottleneck in the
fabrication process. In the previous chapter I showed one approach
to surmounting this problem, by trying to recreate the stochastic fea-
tures using controllably engineered substrates. An alternative ap-
proach would be to find a way to automate the analysis and iden-
tification of such features. In this chapter I address an analogous
problem: analysing and identifying different types of twisted bilayer
graphene (TBLG) from a sample with a stochastic distribution of
twist angles.

I demonstrate different approaches to how data clustering, a ma-
chine learning tool, can be applied to Raman datacubes for this
purpose. I use the Gaussian mixture model (GMM) algorithm to
highlight areas with particular twist angles, from a sample with a
wide range of orientations. I then show that once the model has
been trained, it can be reapplied to new data to assess the similarity
between the new materials and the ones previously identified. This
has potential to fast-track the prototyping of TBLG devices, by al-
lowing fully computerised detection of particular twist angles from
automated large-area scans.

This project came about during the coronavirus pandemic that
began in 2020. When the lockdown blocked our access to the lab,
we had to find new ways to carry on our research from home. So
I began to investigate whether machine learning could reveal any
new information from previously collected data. Thankfully, data
clustering turned out to be both interesting to study and successful.
It revealed features of our TBLG, which I hadn’t appreciated from
traditional Raman analysis alone.

I have prepared a manuscript based on the work in this chapter,
Data cluster analysis and machine learning for classification of twisted
bilayer graphene, which is currently submitted to the journal Carbon
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(see Dissemination). I’m grateful to our collaborators at Kyushu Uni-
versity in Japan, Kenji Kawahara and Professor Hiroki Ago, who fab-
ricated the TBLG I studied in this chapter.

The demonstration of superconductivity in TBLG [9] sparked a flurry
of new research into this material [30, 195–201]. It is formed of two
sheets of single layer graphene (SLG) stacked together, with one lat-
tice rotated relative to the other. Interference between the two lattices
adds an extra moiré superlattice potential, whose period depends on
the twist angle. This modifies the electronic band structure of the
bilayer graphene (BLG), leading to novel properties such as enhanced
photocurrent generation [202], superconductivity [9, 46] and correl-
ated insulating phases [28, 195] at particular twist angles. With the
advent of twist engineering, bilayer graphene has expanded from a
single material to a whole family of materials with continuously tun-
able properties. More recently, twist engineering has been applied to
bilayers and heterobilayers of other two-dimensional (2d) materials,
demonstrating its wider applicability beyond graphene [203–206].

However fabricating TBLG samples is a highly time and labour-
consuming process. The most common method used is the ‘tear and
stack’ technique [9, 46, 75], which involves manually picking up and
rotating flakes before depositing them. These samples have a tend-
ency to relax into twist angles other than those intended [9], due
to the varying interlayer potential associated with different twist, so
methods to accurately determine the twist angle are vital. Exist-
ing methods, including Raman spectroscopy [102–105], transmission
electron microscopy [102] and low energy electron diffraction [105],
are inherently laborious and need highly-specialised human input
for data interpretation.

A recent theoretical work by Sheremetyeva et al. reviews the
performance of several different machine learning algorithms – ker-
nel ridge regression, random forest regression and a multilayer per-
ceptron neural network – for identifying twist angle from the Raman
spectra of bilayer graphene [207]. They use simulated Raman spec-
tra, focused on the G peak of graphene, as a training dataset, which
has the advantage that they can generate spectra covering the whole
30°-range of possible twist angles. However a downside of this ap-
proach is that it doesn’t account for experimental factors, such as
spectral broadening and resonant Raman processes at certain twist
angles.

In this chapter, I explore new analysis techniques for Raman spec-
troscopy data acquired from a TBLG sample with a wide range of
different twist angles. Firstly, I present a manual analysis to identify
features in the Raman spectra associated with particular twist angles.
I then apply a data clustering technique, the GMM. I demonstrate a
priori application of the technique to identify distinct material types
within Raman maps, showing that it can identify the same key re-
gions found by human analysis, and that it can provide further stat-
istical information on features such as strain in the graphene. I then
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show that once a model has been trained on an area of interest, it can
be used to successfully categorise new regions of TBLG in terms of
similarity to desired twist angles.

I present two approaches to dimensionality reduction of the Ra-
man spectra: first by using parameters returned by fitting peaks to
the data, and then by using principle component analysis (PCA). By
doing this, I demonstrate that data clustering has the potential to en-
able high-throughput classification of TBLG, by allowing computer-
ised detection of particular TBLG species from automated large-area
scans.

8.1 Sample characteristics

The TBLG sample used in this work consists of two batches of chem-
ical vapour deposition (CVD) graphene, which were transferred to
the same SiO2 substrate, as shown in figure 8.1. Batch 1 is formed
of hexagonal, single-layer grains on the order of tens of microns in
lateral size, with a stochastic distribution of orientations. Batch 2 is
formed of larger single-layer grains on the order of hundreds of mi-
crons in lateral size, with a single dominant alignment. Batch 1 sits
on top of batch 2, and the areas where the two batches overlap form
TBLG, with a stochastic distribution of twist angles.

An optical microscope image of a representative area of the sample
is shown in figure 8.2.

A key advantage of this fabrication process is that we can infer the
orientation of the graphene lattice from the angle of the hexagonal
grain edges, which gives us a reasonable estimation of the TBLG
twist angle, θt. I use the shorthand TBLGθ to refer to TBLG with an
estimated angle θ. The edges are not perfectly straight, which leads
to an uncertainty on the order of ±1°.

CVD graphene

batch 1
small grains,
randomly oriented
on polycrystalline Cu

batch 2
large aligned grains
on monocrystalline Cu

transfer 1

transfer 2

SiO2

TBLG

Figure 8.1: Fabrication process. Ran-
domly oriented (batch 1) and aligned
(batch 2) graphene grains are grown
on polycrystalline Cu foil and Cu(111)
film respectively, then transferred to the
same SiO2 substrate.
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Figure 8.2: Optical microscope image
showing resulting sample, with areas of
TBLG formed by overlapping graphene
batches. Regions A and B, focused on
in the rest of this work, are indicated
with white rectangles. Randomly ori-
ented grains from batch 1 are coloured
yellow and outlined with dotted lines,
a large grain from batch 2 is coloured
blue and outlined with a solid line. No
annotations are added within regions A
and B to show the sample more clearly.
Some multilayer islands are indicated
with red arrows.

50 µm

A

B

batch 1

batch 2

The grains of batch 1 feature several small patches of bilayer and
multilayer graphene. These appear as darker areas in the optical im-
age, towards the centre of some grains, and are highlighted by red
arrows in figure 8.2. I shall refer to these patches as multilayer is-
lands throughout this chapter. I stress that any bilayers which result
from these islands are produced by a different mechanism to the ar-
tificially created bilayers formed by overlapping grains from batches
1 and 2, and as such we should not expect the same varied distribu-
tion of twist angles. By comparison, the grains in batch 2 are almost
entirely free of multilayers.

In the rest of this work, I focus on two similar regions of the
sample. Region A is used for training the data clustering models,
and region B is used to test the pretrained models. The locations of
these regions are shown in figure 8.2.

8.2 Raman analysis

Before we discuss data clustering, we first present a more traditional
analysis, to explain the main Raman features of this TBLG sample.

8.2.1 Region A

A Raman datacube was collected from region A using the apparatus
described in section 4.2.

Figure 8.3 (a) shows a set of representative Raman spectra taken
from key areas. The dominant features of the graphene Raman spec-
trum are the G and 2D peaks, whose positions are shown at the top
of figure 8.3 (a). I will analyse these peaks in terms of their intensity,
I, Raman shift, ω, and full width at half maximum (FWHM), Γ.

Figures 8.3 (b) and (c) show spatial maps of the 2D to G peak
intensity ratio and the 2D peak FWHM. These are typical metrics
used to indicate the quality and layer number of graphene [92]. The
locations of the displayed spectra are indicated in these maps.
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Figure 8.3: Raman features of twisted
bilayer graphene: region A. (a) Rep-
resentative averaged Raman spectra,
showing large variation with twist
angle. The averages were taken from
within the squares of the correspond-
ing colour and line style shown in (b)
and (c). (b) Map of the 2D-to-G peak
intensity ratio. (c) Map of the 2D peak
FWHM.

The spectrum from the SLG has a 2D to G ratio of ∼2, which
is typical for monolayers on SiO2. The graphene D peak, whose
position is also indicated in figure 8.3 (a), and whose intensity cor-
relates with defect density, is notably absent. This confirms that the
graphene from CVD batch 1 is high quality and single layer, as de-
signed.

There are three TBLG grains in region A, which can be seen clearly
in figures 8.3 (b) and (c). As discussed above, I estimated the twist
angles from the grain edge orientations to be 6°, 12° and 30° using
the optical image in figure 8.2. Figure 8.3 (a) shows that all three do-
mains have a small D peak, which indicates that batch 2 has a slightly
higher defect density than batch 1, though the D to G intensity ratio
is generally low at <0.1.

The TBLG6° spectrum has a broadened 2D peak and a 2D to G
ratio of <1. This is typical for graphene with a twist angle below
∼10° [103].

The TBLG30° spectrum has an enhanced 2D peak, and appears
similar to the expected spectrum from SLG, which also matches pre-
dictions and observations for large twists from literature [102–104].

The TBLG12° spectrum has a strong (∼30×) enhancement of the G
peak. This is caused by van Hove singularities (saddle points) in the
superlattice band structure with a separation close to the energy of
our excitation laser [102, 103, 105], which leads to a strongly resonant
Raman process. For a 532 nm excitation laser, I calculate that this
enhancement should occur for TBLG with a twist close to 11.9° [103],
which is consistent with our estimated angle.

The maps also reveal that the multilayer islands at the centre of
each grain have distinct Raman characteristics, and that some of
them contain grain boundaries themselves.

A typical Raman analysis may involve comparing the paramet-
ers of many peaks, as demonstrated here. This can be a laborious
process, which needs expert input, and often requires fitting many
peaks to the collected data.
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8.2.2 Region B

As for region A, a Raman datacube was collected from region B, and
the results are shown in figure 8.4.

There are clear similarities between the two regions. Like region
A, region B has domains composed of SLG, as well as TBLG12° and
TBLG30°, identified by their grain edge orientations. As we should
expect, the corresponding spectra shown in figure 8.4 (a) appear very
similar to those in figure 8.3.

However there are also some differences which need to be con-
sidered. There is no TBLG6° present in region B, though there is a
small patch of Bernal stacked bilayer, indicated by BLG0°, formed
by island growth. The BLG0°and TBLG6° spectra, both shown with
purple lines, appear superficially similar.

Whereas in region A all of the SLG came from the large batch 2
grain, in region B there is an area of batch 1 SLG on the left and an
area of batch 2 SLG on the right. This is particularly evident from
looking at the optical image in figure 8.2.

The final key difference is that, in region A all of the main TBLG
domains identified were formed by stacking batches 1 and 2, but in
region B the BLG0°and TBLG30° domains are due to island growth
within batch 1.

Figure 8.4: Raman features of twisted
bilayer graphene: region B. (a) Rep-
resentative averaged Raman spectra,
showing large variation with twist
angle. The averages were taken from
within the squares of the correspond-
ing colour and line style shown in (b)
and (c). (b) Map of the 2D-to-G peak
intensity ratio. (c) Map of the 2D peak
FWHM.
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8.3 Mahalanobis normalisation

Data clustering algorithms compare the distance between points in
an n-dimensional space, where each dimension is formed by a sep-
arate observation (for example I2D/IG, Γ2D). However, the observa-
tions may have different units or variances, which could give unfair
weighting to some observations over others. We therefore use Ma-
halanobis normalisation [208] to enforce that each dimension is unit-
less, has a mean of zero and has unit variance. In the rest of this
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Figure 8.5: Mahalanobis normalisation.
(a) Scatter plot of 2D peak FWHM
against 2D-to-G ratio, from region A.
(b) Mahalanobis normalised equivalent
of (a), with added kernel density his-
tograms for each axis. Both plots are
drawn such that the scaling of the x and
y axes are equal. Points are lightened
according to their local density, so that
the distribution can still be seen clearly
even when points overlap.

work, for an arbitrary parameter p, I use the shorthand p′ to denote
its Mahalanobis normalised equivalent.

As an example to demonstrate the need for this normalisation, the
FWHM of the 2D peak is plotted as a function of the dimensionless
2D-to-G ratio in figure 8.5 (a).1 If we try to calculate the Euclidean

1 This is the same data shown in the
maps in figure 8.3.

distance between points in the resulting space, then the differences
in Γ2D, which has a standard deviation of σs ≈ 8.4 cm−1, will dom-
inate over the differences in I2D/IG, with its standard deviation of
σs ≈ 1.3. The bias between the two quantities would also change
if I, for example, expressed Γ2D in units of m−1 instead of cm−1.
But by Mahalanobis normalising both quantities, as shown in fig-
ure 8.5 (b), neither parameter is given unfair weighting in distance
measurements.
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Figure 8.6: Unnormalised (a) G and
(b) 2D peak shifts from region A. Twis-
ted grains and single layer areas are in-
dicated in (a).

8.4 Gaussian mixture model

GMM is a data clustering technique which assumes a dataset is
drawn from a set of N normally distributed clusters. It uses the
expectation-maximisation algorithm [171] to find the means, covari-
ance matrices and weightings of the N Gaussian probability distri-
butions that best describe the data.

I use a two-dimensional example to illustrate the GMM fitting
process. Figure 8.6 shows the peak shifts of the G and 2D peaks from
region A. These shifts are often studied in SLG, because they reveal
information about the strain and doping of a sample.2 Figure 8.7 (a)

2 See chapter 5 for more detail on how
this works.

is a scatterplot comparing the normalised equivalent quantities.
A GMM with N = 8 Gaussian clusters was fit to the data shown,

and the points were assigned a colour based on which of the result-
ing clusters they were most likely to belong to. Numbers next to each
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Figure 8.7: Gaussian mixture model ex-
ample. (a) Scatterplot of Mahalanobis
normalised positions of the G and 2D
peaks from region A. Points are col-
oured according to the cluster assigned
to them by an 8-component GMM fit
to the data shown. Black dashed lines
show the 2σs confidence ellipses for
each cluster. Red arrows show the prin-
cipal component vectors (scaled to 2σs)
for cluster 5. (b) Key to cluster colour
and spatial distribution.
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cluster serve as labels and are ordered from the most (1) to the least
(8) populated cluster. Confidence ellipses for each Gaussian cluster
have also been added to figure 8.7 (a), to highlight the shape of the
clusters. These are drawn at 2σs away from the mean, where σs is the
direction-dependent standard deviation.

In general, the positions and covariances of the identified clusters
will depend somewhat on the number of clusters fit to the data. In
this case, the value N = 8 was chosen for the purpose of demonstra-
tion, based on the number of distinct colours that could be shown
in a visualisation. There are certain techniques, such as Bayesian
GMM, which can infer the number of clusters to use from the data
itself [209], however these are beyond the scope of this work. For
real-world applications, prior knowledge of the expected number of
clusters can often be used to inform the choice of N.

Figure 8.7 (b) shows each coloured observation in the scatterplot
mapped back to its original spatial position. This serves as a key
to the colours, and shows that identified clusters correspond to the
same distinct material types that I identified with the traditional Ra-
man analysis above. There are clusters which account for all three
kinds of TBLG (clusters 2, 3 and 6), as well as the island growth
(cluster 4) and SLG (clusters 1 and 5). The width of each cluster is a
reflection of the distribution of values within the cluster.

Note that the GMM has included some wide clusters with a low
weighting (clusters 7 and 8), which account for observations that
do not fit into any of the main clusters. These can be viewed as
a background to the total probability density function. Points that
are identified as belonging to these background clusters are few, and
often localised at the spatial boundaries between materials, where
the Raman spectra may have features of both materials present due
to the finite beam size. Including these background-type clusters is
possible because GMM explicitly accounts for overlapping distribu-
tions.3

3 This is a key advantage of GMM over
other data clustering techniques such
as k-means, which assigns observations
to a cluster based on the closest cluster
centre, and positions the centres to min-
imise the intra-cluster variance. A k-
means fit to the same data as figure 8.7
is shown in figure A.4 for comparison.

It is interesting to note that the SLG has been split into two clusters
(1 and 5), caused by small areas within the region with downshifted
peak positions. I attribute this to variation in substrate interaction,
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which may induce both strain and doping to the graphene.
In single layer graphene, strain induces a linear shift of the G

and 2D positions, whose gradient depends on the type and orient-
ation of the strain [94, 108, 128]. I use eigendecomposition of co-
variance matrices, to find the principal component vectors for the
SLG clusters. These vectors show the directions which correlate with
most variance within a particular cluster.

Red arrows in figure 8.7 (a) show the principal components for a
single cluster as an example. We can calculate the true gradients of
these principal components by transforming them back into the un-
normalised data space. If the origin of the peak shifting is solely due
to strain, we should expect the gradient of the dominant principal
component vector to lie in the range 2.02-2.44 [128]. For the highest
weighted cluster, corresponding to majority of the SLG (cluster 1),
we obtain a gradient of 2.02, but for the cluster corresponding to the
downshifted SLG (cluster 5) we obtain a lower gradient of 1.69. This
shows that the position shift cannot be explained by strain alone, and
there is likely also a component of the variation induced by doping
inhomogeneity [94, 108, 114, 128]. This is a good example of the
analytical power of GMM, beyond simple material identification.

8.5 Classifying new data using a pretrained model

In this section, I show an example of a GMM trained on one area
of the sample (region A) being used to identify similar materials in
a new area (region B). Figure 8.8 (a) shows the clusters in region A
identified by a three-dimensional GMM with N = 8, whose inputs
are the intensity, position and width of the 2D peak.

To visualise the spatial distribution of the distinct material types
identified, I plot the relative likelihood that a point is drawn from
each Gaussian cluster in figure 8.9. The colours of the maps are
chosen to correspond to the colour of the associated cluster in figure
4 8.8.

I assigned a label to each cluster, based on the traditional Raman
analysis performed above, and on the twist angle estimated from the
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Figure 8.8: Classifying new data using
pretrained clusters. (a) Scatterplot of
Mahalanobis normalised intensity, po-
sition and width of the 2D peak from
region A. Points are coloured accord-
ing to the cluster assigned to them by
an 8-component GMM fit to the data
shown. (b) Corresponding scatterplot
from region B, normalised using the
same mapping as the data for region
A. Points are coloured according to the
cluster assigned to them by the same
GMM previously fit to the data in re-
gion A.
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Figure 8.9: 2D peak clustering and
identification. Images show spatial
maps of the relative likelihood that a
point is drawn from each Gaussian
cluster identified from fits to the 2D
peak of region A, as shown in figure
8.8. The colours correspond to the as-
sociated figure 8.8 cluster. Labels as-
signed are based solely on analysis of
region A.
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optical image in figure 8.2. These are indicated at the top of figure
8.9.

We can see that the SLG is once again split due to strain- and
charge-induced effects. We also see that the TBLG6° region has split
into two clusters. This may be caused by small domains of loc-
ally relaxed twist angle, compared to the global twist of the whole
grain [105]. Similarly, we see that there are two clusters correspond-
ing to island growth, which can be attributed to domains with AB-
and non-AB-stacked growth. Where multiple clusters have been as-
signed to one type of material in this way, I use superscript numbers
in parentheses to refer to the individual clusters (for example SLG(1)

and SLG(2), for two distinct SLG clusters).
Once a model has been trained, and the desired materials have

been labelled, the clusters can then be reapplied to new data, to judge
how similar the new material is to the training material. I applied
the model trained on region A to classify the data from region B
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(indicated in figure 8.2).
To show the correspondence between similar values across the two

regions, figure 8.8 (b) shows the intensity, position and width of the
2D peak from region B in the same normalised space as the region
A data in figure 8.8 (a) (in other words, normalised to the mean and
variance of region A).

The region B points were assessed according to the likelihood that
they were drawn from the previously identified region A clusters
and coloured accordingly. Where the 2D peak has similar character-
istics to a region A cluster, the point falls in a similar location in the
normalised space and so is identified as belonging to that cluster.

The spatial distributions of the identified materials from Region
B are also shown in figure 8.9. This shows that the GMM has cor-
rectly identified the SLG in region B. Interestingly we see a reversal
of the distribution of the two clusters from region A. In region B
most points belong to the cluster marked SLG(1), whereas in region
A most points were in the cluster marked SLG(2). This can be attrib-
uted to strain and doping variations between regions A and B. Note
also that the SLG in the left of region B is from batch 2, whereas the
SLG in the right, and in region A is from batch 1 (see figure 8.2). The
cluster marked SLG(1) only appears significantly in the batch 1 SLG.
The cluster for the TBLG12°, and the island growth clusters have also
correctly identified the same features from region B.

TBLG6° is absent from region B so the corresponding maps are
mostly empty. The map showing the TBLG30° cluster in region B is
also mostly empty, although it accurately reflects the small amount
of TBLG30° present. It should be noted that the TBLG30° in region
B is formed by island growth, and the GMM classification identifies
most of it as having more similarity to the islands from region A,
than to the TBLG30° from region A (see the lower row of figure 8.9).

The example above is a good illustration of one of the pitfalls of
this sort of automated data analysis: much care needs to be taken
when labelling clusters from the training set. As the fitting is per-
formed without human guidance, the model may not have converged
on the features that one would expect. Any error in the labelling is
likely to lead to a misidentification of features further down the line.

Overall, I have shown that, once trained and labelled, the GMM
is able to successfully identify similar materials from a new region
of the sample. The fact that we were able to identify all these re-
gions from the parameters of a single peak also shows that the GMM
can enhance the discriminating power of relatively small numbers of
parameters.

8.6 Application to full spectra

The demonstrations above used peak parameters as inputs. This can
be useful for analysis but requires fitting of peaks to the spectra,
which can be time consuming and usually requires expert interven-
tion to optimise the fits.
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Figure 8.10: The 5 selected principal
components.
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For fast material identification it would be more practical to put
the whole Raman spectrum as input into the GMM without any su-
pervised preprocessing. Although this is possible, the procedure is
computationally expensive, as there are typically ∼1000 points in a
typical spectrum, leading to a ∼1000-dimensional space for the fit-
ting. This is impractical as it takes a long time to converge and has a
higher likelihood of converging on spurious local minima.
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Figure 8.11: Bar chart showing the pro-
portion of the total datacube variance
explained by each component and solid
line showing the cumulative total. A
linear combination of just 5 components
describes ∼97.5 % of the total sample
variance.

I circumvent this problem by reducing the dimensionality of our
data using PCA, which works by using eigendecomposition of the
covariance matrix of an entire dataset to identify the principal com-
ponent vectors. For an M-dimensional space, there will be M vectors
of length M. The data can then be expressed as a linear combination
of these components. Each of these vectors accounts for a certain pro-
portion of the total variance of the dataset. When there are strong
correlations between parameters, as there are between neighbouring
points in Raman spectra, we can account for a large fraction of the
total variation using only a few components.

I ran PCA on the datacube from region A, normalised such that
each spectrum forms a vector with unit magnitude. For Raman data,
the principal component vectors resemble spectra. I show the norm-
alised vectors for the first 5 principal components in figure 8.10.

Figure 8.11 shows the total variance explained by the 9 most dom-

Figure 8.12: Spatial distribution of prin-
cipal components. Maps showing the
coefficients of each of the 5 selected
principal components (shown in figure
8.10), making up every spectrum in re-
gions A and B. Coefficients can be pos-
itive or negative, and the white, dotted
lines show the zero position.
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Figure 8.13: Full-spectrum, PCA-
reduced clustering and identification.
Images show spatial maps of the rel-
ative likelihood that a point is drawn
from each Gaussian cluster identified in
the 5-dimensional, PCA-reduced space.
Labels assigned are based solely on
analysis of region A.

inant components. It shows that we can reduce the dimensionality
of our dataset from 1015 to just 5, by expressing our data using just
those first 5 components and still explain ∼97.5 % of the total vari-
ance.

A spectrum can then be expressed as a 5-dimensional vector of
coefficients, corresponding to the amount of each component present.
Spatial maps of these coefficients across both regions A and B are
shown in figure 8.12.

I use these coefficients as input to a GMM trained on region A
with N = 8, and then assign labels as I did in the preceding sec-
tion. These are shown in figure 8.13. As the input vector is now
5-dimensional I cannot show a scatterplot showing the cluster dis-
tribution in data space as I did previously, but I show a pairwise
scatterplot of each coefficient for region A and B in figure A.5. We
see that the GMM has once again identified the same key regions we
identified above, with the SLG area split into two clusters by varied
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strain and charge doping, however we also see three distinct island
growth clusters, which we attribute to different stacking configura-
tions.

As before, I apply the pretrained model to classify region B, as
shown in figure 8.12. We see that the SLG, TBLG12° and TBLG30°

are correctly identified, and the absent TBLG6° does not appear in
the map. There is some notable uncertainty in identification of the
island growth regions, which also pick up a lot of the boundaries
between regions. However this is shown in both training and test
data, so could easily be accounted for with more verbose labelling.
This indicates that these clusters are of the wide, low-weighting
background-type discussed above. Additionally, these clusters are
all composed of features that are not necessarily shared by both re-
gions (there are no trilayer islands in region B), so it is unsurprising
that the GMM does not find the same features in each region.

This shows that the PCA dimensionality reduction expresses the
data well enough to be a viable alternative to curve fitting as a
preprocessing step for GMM, which could potentially reduce the
amount of expert time needed to perform this analysis.

8.7 Conclusions

In this chapter, I have demonstrated that, following initial training,
GMM data clustering can be used successfully to quickly identify
desired species of TBLG from Raman spectra. I showcased two ap-
proaches to reduce the dimensionality of the spectra before passing
them to the algorithm: fitting peaks to the spectra, and pairing the
GMM with PCA.

The advantage of using parameters returned from peak fitting
as GMM inputs is that the returned clusters yield easy-to-interpret
physical information on the per-cluster parameter distribution. This
makes it a good complement to a more traditional Raman analysis
approach.

I showed how the statistical information returned by the GMM
after training, specifically the per-cluster means and covariance mat-
rices, can be used to reveal important details about the sample. In
our example I showed that the shifting of the G and 2D peaks in
the SLG, attributed to inhomogeneous substrate interaction, could
not result solely from strain, and must also have a contribution from
changes in charge doping. This demonstrates a significant advantage
of GMM above other clustering algorithms, which do not return the
same statistical information.

By contrast, the physical meanings of the cluster distributions
from GMM paired with PCA are harder to interpret. However the
algorithms can take entire Raman spectra as input, which is a key
benefit, as it means that acquired spectra could be assessed immedi-
ately, without the need for human intervention. It therefore enables
automation of a process which often requires many hours of expert
scrutiny, condensing the total analysis time down to seconds.
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Like any machine learning tool, the performance of a GMM for
classification will depend on the training data used and appropriate
labelling of the identified clusters. For example, the areas I showed
with the most indeterminacy in classification were the areas of our
sample which differed most between our training and testing re-
gions (for example the clusters in figure 8.9 associated with TBLG30°

formed by artificial stacking in region A, and island growth in region
B). In practice this can be mitigated by careful initial labelling, and
appropriate selection of training data.

It is important to note that while twist angle is a continuous para-
meter, this analysis only demonstrates identification of the discrete
bands of twist angles which were present in the training and testing
datasets. For the purposes of material identification for applications,
this doesn’t present a problem, as typically only a single targeted
twist angle is required. I also note that the recent theoretical work
by Sheremetyeva et al. demonstrates the success of machine learning
approaches for TBLG identification across the full range of possible
twists [207]. This suggests that a training dataset covering a larger
range of twists could enable discrimination of a greater number of
angles.

As I have shown above, GMM is very well suited to classifying ma-
terials based on Raman spectra, but the techniques shown here can
also be applied to any set of colocalised measurements, for example
other forms of spectroscopy, or data acquired via scanning probe
microscopy (SPM). Likewise, I have demonstrated the technique for
successfully identifying TBLG, but it is equally suited to identify-
ing species in any type of mixed-material sample, whose materials
produce distinct measurements.

Automated analysis, using the machine learning techniques shown
here, has potential to dramatically speed up material identification,
particularly when paired with automated scanning. This will have
profound consequences for the future of material optimisation and
device fabrication, as it will remove a major bottleneck in the fabrica-
tion process. It can also make other samples with a stochastic distri-
bution of materials, such as the TBLG shown in this work, more prac-
ticable for inclusion in devices, as automated scanning and analysis
could identify and locate target materials from a whole substrate in
a matter of hours, a process which previously may have taken days
for a trained scientist.





Conclusions and outlook

In this thesis, I have investigated a range of different van der Waals
(vdW) materials and heterostructures with light-coupled scanning
probe microscopy (SPM) and optical spectroscopy. There are two
core findings which unite all of the original research chapters in part
III:

1. Nanoscale features of vdW materials and heterostructures, such
as fractures folds and bubbles, play a significant role in determ-
ining their optoelectronic properties, particularly via their local
effects on strain and doping.

2. Combining advanced microscopy and hyperspectral imaging with
modern computational techniques, such as vector decomposition
and machine learning, allows us to recover a wealth of important
material properties from large datasets.

In chapter 5 I adapted a Raman vector decomposition scheme to
spatial mapping. This showed how fractures, folds and bubbles in
graphene-hexagonal boron nitride (hBN) heterostructures, which are
typically introduced during fabrication, induce nanoscale strain and
charge variations. I revealed that the scatter in the positions of Ra-
man peaks reported in previous works [108, 128] is not random, but
correlated to these features. Thanks to the strong influence of strain
on the properties of two-dimensional (2d) materials [13, 15], we can
expect that these would also play a significant role in determining
their other optoelectronic properties.

Indeed, this is what I demonstrated in chapter 6, where I used
scanning near-field optical microscopy (SNOM) to reveal nanoscale
domains with strong absorption and high phase shifts for infrared
(IR) light in bubbles in hBN-encapsulated graphene. As these do-
mains were strongly correlated to one-dimensional features in the
sides of bubbles, which alter the local band structure of graphene [19],
I proposed that they were related to strain-induced changes in plas-
monic properties. The ability to modify the nanoscale IR properties
of graphene by strain suggests potential pathways to the creation
of tailor made nanophotonic devices or metamaterials. However as
bubbles are formed stochastically during fabrication of vdW hetero-
structures, this approach will only be viable if similar strain profiles
are created artificially, or if fast automated methods to identify spe-
cific kinds of features from large areas are developed.

In chapter 7 I investigated the former of those conditions, by using
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Raman and photoluminescence (PL) spectroscopy to probe strains in
InSe that had been deposited on patterned substrates. I was able
to demonstrate that for a sample of bulk InSe bent over an array of
pillars, there was no detectable strain induced to the material. But
for thin, 2d InSe, suspended over an array of holes, there were clear
signatures of strain in the Raman spectra. This may be a partial re-
flection of the strain sensitivity of 2d materials compared to their
bulk forms [13]. I also observed an enhancement of the PL signa-
ture at both pillars and holes, which I attributed to geometric effects
caused by deformed materials, independent of strain [41].

Finally in chapter 8, I showcased several approaches to how data
cluster analysis, a machine learning tool, can be used to quickly
identify and analyse samples of twisted bilayer graphene (TBLG)
from their Raman spectra. Like the bubbles discussed in chapters
5 and 6, these were formed stochastically, which would make loc-
ating specific kinds of TBLG time-consuming and laborious. The
techniques I demonstrated in this chapter could allow fully auto-
mated Raman scanning, which could speed up prototyping of TBLG
devices, and save precious hours of scientists’ time.

As the field of 2d materials approaches adulthood, the focus of re-
search must shift more and more towards scalable fabrication of 2d
materials and devices. And as we navigate this transition, from be-
spoke, lab-based prototypes to mass production, the findings presen-
ted in this thesis will become more and more important.

I have shown that for optoelectronic 2d-material applications to
be viable, we must have a thorough understanding of the strain and
doping variations induced by nanoscale material features. As new
fabrication techniques arise, and as new vdW materials are exploited,
evaluating the effects of such features will become a vital quality
control step.

Typically an increase in production yield is accompanied by a re-
duction in the scrutiny applied to each sample produced. However
this need not be the case. Modern computational techniques, like the
vector decomposition and data clustering showcased in this thesis,
are readily adaptable to automated, high-throughput analysis, which
means they should be able to keep up with a substantial expansion
of 2d-material fabrication. On top of this, the success of such tech-
niques for research purposes means they will likely soon become a
part of the standard set of tools used to study new materials and
devices.

In the long term, I hope that the methods and findings presented
in this thesis will assist the development and refinement of scalable
production methods for 2d-material devices, with precise control of
the nanoscale material properties. This could enable features like
bubbles and wrinkles to become functional and versatile elements to
manipulate light-matter interaction at the nanoscale.
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Appendices

Optical unit conversion charts

There are many units to describe light and different units are help-
ful in different situations. The charts in this section can be used
to quickly convert between units for light in the visible and mid-
infrared (IR) regions. I’ve also added a chart which can be used
to convert between Raman shift and photoluminescence (PL) energy
for optical spectroscopy measurements with a known excitation laser
wavelength.
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Figure A.1: Visible light unit conver-
sions.
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Figure A.2: Mid-IR light unit conver-
sions..
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Supplementary data clustering figures

This section contains extra figures which relate to the work presented
in chapter 8, Data cluster analysis of twisted bilayer graphene.
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terplot of Mahalanobis normalised po-
sitions of the G and 2D peaks from re-
gion A. Points are coloured according
to the cluster assigned to them by an 8-
component k-means analysis of the data
shown. (b) Key to cluster colour and
spatial distribution.
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figure 8.10). Points are coloured by
the cluster assigned by the full spec-
trum Gaussian mixture model (GMM),
as shown in (figure 8.12). Data is in ar-
bitrary units and axis ticks indicate the
zero position. Plots above and below
the central diagonal show the distribu-
tions in regions A and B.





Bibliography

1. Novoselov, K. S., Geim, A. K., Morozov, S. V., Jiang, D., Zhang,
Y., Dubonos, S. V., Grigorieva, I. V. & Firsov, A. A. Electric
Field Effect in Atomically Thin Carbon Films. Science 306, 5696
(2004).

2. Vincent, T., Liang, J., Singh, S., Castanon, E. G., Zhang, X., Mc-
Creary, A., Jariwala, D., Kazakova, O. & Al Balushi, Z. Y. Op-
portunities in electrically tunable 2D materials beyond graph-
ene: Recent progress and future outlook. Applied Physics Re-
views 8, 4 (2021).

3. Geim, A. K. & Grigorieva, I. V. Van der Waals heterostructures.
Nature 499, 7459 (2013).

4. Dean, C. R., Young, A. F., Meric, I., Lee, C., Wang, L., Sorgen-
frei, S., Watanabe, K., Taniguchi, T., Kim, P., Shepard, K. L.
& Hone, J. Boron nitride substrates for high-quality graphene
electronics. Nature Nanotechnology 5, 10 (2010).

5. Haigh, S. J., Gholinia, A., Jalil, R., Romani, S., Britnell, L.,
Elias, D. C., Novoselov, K. S., Ponomarenko, L. A., Geim, A. K.
& Gorbachev, R. Cross-sectional imaging of individual layers
and buried interfaces of graphene-based heterostructures and
superlattices. Nature Materials 11, 9 (2012).

6. Novoselov, K. S., Mishchenko, A., Carvalho, A. & Castro Neto,
A. H. 2D materials and van der Waals heterostructures. Science
353, 6298 (2016).

7. Seo, G., Lee, G., Kim, M. J., Baek, S.-h., Choi, M., Ku, K. B.,
Lee, C.-S., Jun, S., Park, D., Kim, H. G., Kim, S.-J., Lee, J.-o.,
Kim, B. T., Park, E. C. & Kim, S. I. Rapid Detection of COVID-
19 Causative Virus (SARS-CoV-2) in Human Nasopharyngeal
Swab Specimens Using Field-Effect Transistor-Based Biosensor.
ACS Nano 14, 4 (2020).

8. Woessner, A., Gao, Y., Torre, I., Lundeberg, M. B., Tan, C.,
Watanabe, K., Taniguchi, T., Hillenbrand, R., Hone, J., Polini,
M. & Koppens, F. H. L. Electrical 2π phase control of infrared
light in a 350-nm footprint using graphene plasmons. Nature
Photonics 11, 7 (2017).

9. Cao, Y., Fatemi, V., Fang, S., Watanabe, K., Taniguchi, T., Kax-
iras, E. & Jarillo-Herrero, P. Unconventional superconductivity
in magic-angle graphene superlattices. Nature 556, 7699 (2018).

https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1063/5.0051394
https://doi.org/10.1063/5.0051394
https://doi.org/10.1063/5.0051394
https://doi.org/10.1038/nature12385
https://doi.org/10.1038/nnano.2010.172
https://doi.org/10.1038/nnano.2010.172
https://doi.org/10.1038/nmat3386
https://doi.org/10.1038/nmat3386
https://doi.org/10.1038/nmat3386
https://doi.org/10.1126/science.aac9439
https://doi.org/10.1021/acsnano.0c02823
https://doi.org/10.1021/acsnano.0c02823
https://doi.org/10.1021/acsnano.0c02823
https://doi.org/10.1038/nphoton.2017.98
https://doi.org/10.1038/nphoton.2017.98
https://doi.org/10.1038/nature26160
https://doi.org/10.1038/nature26160


140 nanoscale light-matter interactions in van der waals materials

10. Castro Neto, A. H., Guinea, F., Peres, N. M. R., Novoselov, K. S.
& Geim, A. K. The electronic properties of graphene. Reviews
of Modern Physics 81, 1 (2009).

11. Kretinin, A. V., Cao, Y., Tu, J. S., Yu, G. L., Jalil, R., Nov-
oselov, K. S., Haigh, S. J., Gholinia, A., Mishchenko, A., Loz-
ada, M., Georgiou, T., Woods, C. R., Withers, F., Blake, P., Eda,
G., Wirsig, A., Hucho, C., Watanabe, K., Taniguchi, T., Geim,
A. K. & Gorbachev, R. V. Electronic properties of graphene
encapsulated with different two-dimensional atomic crystals.
Nano Letters 14, 6 (2014).

12. Das, A., Chakraborty, B., Piscanec, S., Pisana, S., Sood, A. K. &
Ferrari, A. C. Phonon renormalization in doped bilayer graph-
ene. Physical Review B 79, 15 (2009).

13. Bissett, M. A., Tsuji, M. & Ago, H. Strain engineering the prop-
erties of graphene and other two-dimensional crystals. Phys-
ical Chemistry Chemical Physics 16, 23 (2014).

14. Zhai, D. & Sandler, N. Electron dynamics in strained graph-
ene. Modern Physics Letters B 33, 28 (2019).

15. Settnes, M., Power, S. R., Lin, J., Petersen, D. H. & Jauho, A.-P.
Bubbles in graphene - a computational study. Journal of Phys-
ics: Conference Series 647, 1 (2015).

16. Stegmann, T. & Szpak, N. Current splitting and valley po-
larization in elastically deformed graphene. 2D Materials 6, 1
(2018).

17. Georgi, A., Nemes-Incze, P., Carrillo-Bastos, R., Faria, D., Vi-
ola Kusminskiy, S., Zhai, D., Schneider, M., Subramaniam, D.,
Mashoff, T., Freitag, N. M., Liebmann, M., Pratzer, M., Wirtz,
L., Woods, C. R., Gorbachev, R. V., Cao, Y., Novoselov, K. S.,
Sandler, N. & Morgenstern, M. Tuning the Pseudospin Polar-
ization of Graphene by a Pseudomagnetic Field. Nano Letters
17, 4 (2017).

18. Faria, D., León, C., Lima, L. R., Latgé, A. & Sandler, N. Valley
polarization braiding in strained graphene. Physical Review B
101, 8 (2020).

19. Wu, Y., Zhai, D., Pan, C., Cheng, B., Taniguchi, T., Watanabe,
K., Sandler, N. & Bockrath, M. Quantum Wires and Wave-
guides Formed in Graphene by Strain. Nano Letters 18, 1 (2018).

20. Levy, N., Burke, S. A., Meaker, K. L., Panlasigui, M., Zettl, A.,
Guinea, F., Neto, A. H. C. & Crommie, M. F. Strain-Induced
Pseudo-Magnetic Fields Greater Than 300 Tesla in Graphene
Nanobubbles. Science 329, 5991 (2010).

21. Nair, R. R., Blake, P., Grigorenko, A. N., Novoselov, K. S.,
Booth, T. J., Stauber, T., Peres, N. M. R. & Geim, A. K. Fine
Structure Constant Defines Visual Transparency of Graphene.
Science 320, 5881 (2008).

https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1021/nl5006542
https://doi.org/10.1021/nl5006542
https://doi.org/10.1103/PhysRevB.79.155417
https://doi.org/10.1103/PhysRevB.79.155417
https://doi.org/10.1039/c3cp55443k
https://doi.org/10.1039/c3cp55443k
https://doi.org/10.1142/S0217984919300011
https://doi.org/10.1142/S0217984919300011
https://doi.org/10.1088/1742-6596/647/1/012022
https://doi.org/10.1088/2053-1583/aaea8d
https://doi.org/10.1088/2053-1583/aaea8d
https://doi.org/10.1021/acs.nanolett.6b04870
https://doi.org/10.1021/acs.nanolett.6b04870
https://doi.org/10.1103/PhysRevB.101.081410
https://doi.org/10.1103/PhysRevB.101.081410
https://doi.org/10.1021/acs.nanolett.7b03167
https://doi.org/10.1021/acs.nanolett.7b03167
https://doi.org/10.1126/science.1191700
https://doi.org/10.1126/science.1191700
https://doi.org/10.1126/science.1191700
https://doi.org/10.1126/science.1156965
https://doi.org/10.1126/science.1156965


BIBLIOGRAPHY 141

22. Koppens, F. H. L., Chang, D. E. & García de Abajo, F. J. Graph-
ene Plasmonics: A Platform for Strong Light–Matter Interac-
tions. Nano Letters 11, 8 (2011).

23. Woessner, A., Lundeberg, M. B., Gao, Y., Principi, A., Alonso-
González, P., Carrega, M., Watanabe, K., Taniguchi, T., Vignale,
G., Polini, M., Hone, J., Hillenbrand, R. & Koppens, F. H. L.
Highly confined low-loss plasmons in graphene–boron nitride
heterostructures. Nature Materials 14, 4 (2015).

24. Falkovsky, L. A. Optical properties of graphene. Journal of Phys-
ics: Conference Series 129 (2008).

25. Jablan, M., Buljan, H. & Soljačić, M. Plasmonics in graphene
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