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Abstract
The family of two dimensional materials comprises many members that display a variety
of physical phenomena. From semimetallic graphene, through semiconducting transition
metal dichalcogenides, to insulating hexagonal boron nitride, each material constitutes a
novel system that enables exploration of different properties [1] at the two dimensional
limit. The research in this field depends, to a large degree, on the advancement of fab-
rication procedures. Even though the growth of the family of 2D materials is certainly
impressive, device fabrication has been limited by disorder from external contamina-
tion. A major limitation comes from the fact that many 2D materials are highly reactive
with air species, making the thin structures unstable and quickly oxidized in ambient
conditions. Therefore, in order to sustain continuous expansion of the 2D world, it is
imperative to develop methods of handling sensitive materials in a precisely controlled
environment. This dissertation addresses these challenges by undertaking the fabrication
of InSe heterostructures, performed in an argon atmosphere, followed by their charac-
terization with optical and electrical experiments.

Despite the difficulty in producing high quality structures, InSe has proven to be an in-
teresting platform for studying 2D optical and electronic effects. Observation of the
quantum Hall effect [2] has demonstrated that InSe layers provide a good quality 2D
electron gas, with charge carries characterized by high mobility. Furthermore, the ini-
tial inspection of the thickness-dependent photoluminescence (PL) spectra revealed ex-
treme sensitivity of the the optical bandgap on the number of layers. From bulk to the
monolayer crystals, the emission signatures shift from near-infrared to the blue region
of the visible spectral range [2]. The theoretical calculations of the single-particle band
structure support the experimental observations, displaying a significant increase of the
fundamental band gap in thinner structures [2]. Additionally, due to peculiar disper-
sion of the valence band states, the character of the fundamental band gap undergoes a
transformation from a nearly direct gap in the bulk form to a quasi-indirect gap in thinner
structures. Apart from this basic knowledge, little is known about the optical response of
InSe. Here, I improve the understanding of its optical properties by performing detailed
spectroscopic studies, including the measurements of temperature dependence of the PL
spectra and characterization of the absorption processes by the excitation spectroscopy,
performed on structures of different thicknesses. The results of these investigations pro-
vide information for the discussion about the alignment of bands, formation of exciton
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complexes and application of selection rules relevant for the optical transitions in InSe
films.

Secondly, by taking advantage of the combined experience arising from optical and elec-
trical measurements, I have fabricated and characterized light emitting diodes based on
InSe. The possibility of electrical pumping of optical transitions offers further insight
into the excitation mechanisms and impact of electric field on the electronic states. Ad-
ditionally, the realization of multicolored, electrically operated light sources, built up
from 2D materials, offers a path for practical applications of InSe-based van der Waals
heterostructures.

Characterizing 2D materials before device fabrication has been a major interest in im-
proving production quality. Indeed, the properties of a crystal largely depend on the
environment dielectric function, the doping level, the local strain, and charge density.
As a non-contact, non-destructive method to estimate the conductivity of materials, tera-
hertz time domain spectroscopy has become an invaluable tool for the assessment of the
quality of large graphene. Combining this method with near field spectroscopy capabil-
ities allows access to electronic properties of 2D materials at the sub-micrometer scale,
paving the way to a deeper understanding of high quality exfoliated crystals.
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Resumé - Dansk
Familien af 2D-materialer omfatter mange medlemmer, der udviser en række fysiske
fænomener, hvilket åbner veje til ny fysik og anvendelser. Fra semi-metallisk grafen,
gennem halvledende TMDC til isolerende hBN, udgør hvert materiale et nyt system,
der muliggør udforskning af forskellige egenskaber ved den todimensionelle grænse.
Fremskridtene på dette område afhænger i høj grad af fremskridt inden for fremstill-
ingsprocedurer. De kræver beherskelse af teknikken mekanisk delaminering, ved at
skræddersy processerne for at optimere udbyttet af høj kvalitets strukturer af bestemte
materialer. Selvom væksten i familien af 2D-materialer ganske nok er imponerende,
er fremstilling af apparater begrænset af, at mange 2D-materialer er meget reaktive i
luft, hvilket gør de tynde strukturer ustabile og hurtigt oxiderende under normale atmos-
færiske luftforhold. For at opretholde en kontinuerlig udvidelse af 2D-verdenen er det
derfor vigtigt at udvikle metoder til håndtering af følsomme materialer i et præcist kon-
trolleret miljø. Denne afhandling adresserer disse udfordringer gennem fremstilling af
InSe-heterostrukturer, udført i argonatmosfære, efterfulgt af deres karakterisering med
optiske og elektriske forsøg.

På trods af vanskelighederne med at producere strukturer af høj kvalitet har InSe vist sig
at være en interessant platform til at studere 2D optiske og elektroniske effekter. Ob-
servationen af quantum Hall-effekten har utvetydigt vist, at InSe-lagene kan indeholde
2D-elektrongas af god kvalitet, med ladningsbærere karakteriseret ved høj mobilitet.
Endvidere afslørede den indledende inspektion af den tykkelsesafhængige optiske re-
spons ekstrem følsomhed over for energien af de optiske resonanser, som det ses i PL
spektrene, på det nøjagtige antal lag. Fra bulk til monolags-krystaller skifter emission-
ssignaturerne fra næsten infrarød til det blå område af det synlige spektralområde. De
teoretiske beregninger af enkeltpartikelbåndstrukturen understøtter de eksperimentelle
observationer, der viser en signifikant forøgelse af det grundlæggende båndgab i tyn-
dere strukturer. Endvidere, på grund af den særlige spredning af valensbåndstilstandene,
undergår karakteren af det grundlæggende båndgab en transformation fra et næsten di-
rekte båndgab i bulk til et kvasi-indirekte båndgab i tyndere strukturer. Bortset fra denne
grundlæggende viden er der ikke meget kendt om InSe’s optiske respons. Her forsøger
jeg at uddybe forståelsen af de optiske spektre ved at udføre detaljerede spektroskopiske
undersøgelser, herunder målingerne af temperatur (og magnetfelts) afhængighed af PL
spektra og karakterisering af absorptionsprocesserne ved hjælp af excitationsspektroskopi
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udført på strukturer med forskellige tykkelser. Resultaterne af disse undersøgelser tilfø-
jer argumenter til diskussionen om justering af bånd, dannelse af excitonkomplekser og
anvendelse af selektionsregler, der er relevante for de optiske overgange i InSe-film.

Endelig er lysemitterende dioder baseret på InSe-lag blevet fabrikeret og karakteriseret
ved at udnytte den kombinerede erfaring fra optiske og elektriske målinger. Mulighe-
den for elektrisk pumpning af optiske overgange giver yderligere indsigt i excitations-
mekanismerne og indflydelsen af elektrisk felter på de elektroniske tilstande. Desuden
giver realisering af flerfarvede, elektrisk drevne lyskilder bygget op af 2D-materialer håb
om yderligere udvidelse af funktionaliteten af van der Waals heterostrukturer.

Karakterisering af 2D-materialer inden apparatfabrikation har været en stor interesse for
at forbedre produktionskvaliteten. Faktisk viser materialer store variationer på tværs af
en krystal, afhængigt af omgivelsernes dielektriske funktion, ladningerne, lokal belast-
ning, og ladningsdensitet. Som en ikke-kontaktfri, ikke-destruktiv metode til at estimere
materialernes ledningsevne er terahertz-tidsdomæne spektroskopi blevet et uvurderligt
redskab til vurdering af kvaliteten af stor grafen. Kombinationen af denne metode med
nær-felt-spektroskopi’s kapaciteter giver adgang til elektroniske egenskaber af 2D ma-
terialer i sub-mikrometer skalaen, hvilket baner vejen til en dybere forståelse for de-
laminerede krystaller af høj kvalitet. Her vil jeg præsentere målinger af forskellige 2D-
materialers heterostrukturer, hvilket afslører nogle nye egenskaber.
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Introduction

Solid state physics is the field of physics that focuses on hard matter, solids and crystals
[3]. Among all the materials studied over centuries, crystals take a special place as their
characterization both theoretically and experimentally has led to major discoveries and
applications. In a crystal, individual atoms can be held together via a variety of bonds.
These include ionic (table salt), covalent (diamond), metallic and van der Waals (the
solid phase of noble gases, layered materials). Each of these bonds has a different origin
and their resulting properties can be very different. The strengths of these bonds are
summarized in Table 1, adapted from [4].

Bond Energy (eV)

Ionic 6–11

Covalent 0.6–7.3

Metallic 1.2–3.6

Hydrogen 0.043–12

van der Waals 0.04–0.43

TABLE 1 – Strength of chemical
bonds encountered in solids.

The materials that form the main constituent of this
project are called van der Waals materials, or lay-
ered materials. The atoms in these materials are held
together in-plane by strong covalent bonds forming
layers, which are attracted to each other by weaker
van der Waals forces, creating a stack [5]. The strong
anisotropy between in- and out-of-plane chemical
bonding (shown in Table 1) makes it is easier to sep-
arate the individual layers rather than to break one
layer. Such isolated layers were first thought to be unstable, and therefore only a limited
number of reports of thinning down 2D materials [6–8] had been published before the
isolation of the graphitic monolayer, graphene and the description of its properties in
2004 [9]. Graphene not only proved to be stable, but also to have unique electronic and
mechanical properties.

After initial success of graphene, various layered materials attracted interest of the re-
search community, and were proven to be stable down to the monolayer.. For instance,
hexagonal boron nitride (hBN) is an insulator or wide bandgap insulator that is now
widely used as a dielectric environment for other 2D materials. Another of the most
studied 2D materials is MoS2 which belongs to the large transition metal dichalcogenide
(TMDs) family. This thesis reports optical and optoelectronic properties of InSe, a post-
transition metal monochalcogenide (PTMC). Since the optical properties of MoS2 and
other TMDs are very well described, I will often compare InSe to TMDs.



2 Introduction

FIGURE 1 – Periodic table of elements.

Outlines of chapters

This dissertation summarizes the projects conducted during the three years of my PhD.
It is organized in several chapters presenting the preliminary knowledge and the studies
undertaken.

The chapter 1, Background, summarizes some of the knowledge about optical processes
in 3D and 2D materials. The chapter will then describe the various families of 2D crys-
tals that were used during the course of the research project, their structure, electronic
and optical properties.

The chapter 2, Fabrication and characterization of van der Waals heterostructures, de-
scribes techniques used to fabricate devices based on 2D crystals and characterization
methods.

The chapter 3, Optical Properties of Indium Selenide, presents measurements of opti-
cal properties of InSe, such as photoluminescence, temperature and layer dependence,
absorption and graphene impact on the luminescence.

The chapter 4, Light Emitting Diodes made of Indium Selenide, outlines the processes
involved in the fabrication of vertical light emitting diodes and the measurements of
such manufactured devices, showing the tunability of the emission wavelength by con-
finement.

The chapter 5 Terahertz characterization of two-dimensional materials presents terahertz
spectroscopy related projects, with the comparison of different setups for time domain



Outlines of chapters 3

spectroscopy and their application to exfoliated 2D materials and the fabrication process
of wafers designed for gated transmission THz measurements.
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Chapter 1

Background

This chapter presents basic concepts of light matter interaction and their relation to 2D
materials and builds a foundation to understanding the experiments conducted in this
project.

1.1 Optical properties

1.1.1 Luminescence

Luminescence refers to the light that is emitted by matter by other means than incandes-
cence, generally due to an external stimulus. In our case, I will focus on the response
to incident light, photoluminescence (see subsection 1.1.3), and the response to electric
current, electroluminescence (see subsection 1.1.6), though other processes can cause
light emission.

I will consider the case of a crystalline solid with a band gap (semiconductor or insulator)
with completely filled valence band and empty conduction band. The crystal is in an
insulating state. An external stimulus can excite an electron (hole) to the conduction
(valence) band. The charge then relaxes to the minimum (maximum) of the conduction
(valence) band, as illustrated by the blue arrow in Figure 1.1.

Two cases are to be distinguished, direct and indirect bandgap (Eg) materials. For a
material with direct bandgap, the charges can recombine spontaneously, as no additional
momentum is required. An electron can therefore recombine in the valence band either
non-radiatively (purple arrow), or radiatively (green arrow), which, in the latter case,
means that it emits a photon at an energy ~ω = Eg. In the case of an indirect bandgap,
there is a momentum mismatch between the minimum of the conduction band and the
maximum of the valence band. The recombination therefore needs extra momentum to
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FIGURE 1.1 – Recombination of charges in (a) direct and (b) indirect bandgap semi-
conducting materials.

satisfy the momentum conservation rule, which can be provided, for example, by a vi-
brational mode of the lattice (dark blue arrow), called a phonon. The charges recombine
emitting a photon at an energy ~ω = Eg.

A typical time frame of the relaxation (around 10-20 fs in metals [10]) is much smaller
than that of recombination (around 100 ps [10]), and it can be assumed that the charges
have time to relax fully before they undergo recombination. Charges in direct bandgap
semiconductors recombine faster and more efficiently than in indirect bandgap materi-
als. This leads to a brighter luminescence and explains the interest in direct bandgap
semiconductors for optical devices.

In a solid, the density of states (DoS) is the number of states available at a given energy
value. It is strongly dependent on the dimensionality, as illustrated in Figure 1.2, where
N(E) is the DoS and E the energy. In 2D materials, the relevant DoS is roughly similar
to the staircase displayed in (b) due to out-of-plane quantization or, in other words, the
appearance of new bands (this does not apply to graphene monolayers). The magnitude
of the DoS at a given energy value has a direct influence on the optical absorption of a
material and on the intensity of the photoluminescence (see subsection 1.1.4).
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FIGURE 1.2 – Density of state versus energy as a function of the dimensionality.
Adapted from [11].

Disorder, doping and defects

Various types of inhomogeneity can impact the luminescence and increase the density of
non-radiative or radiative channels. These can be, among others, line defects, vacancies,
interstitial atoms and substitutions. They can trap charges locally. Alternatively, the
energy level of the defects can lie within the bandgap of the material and create a bright
state at a lower energy than the bandgap.

Polarization

Light is an electromagnetic wave which has a direction of propagation and oscillates in
a plane that is perpendicular to the propagation. Light is said to be linearly polarized if
the electric field oscillation is restricted to one direction in this plane. Light is partially
polarized if the intensity of the light with one polarization is stronger than the intensity
in the perpendicular direction. In a circular polarized beam, the polarization is rotating
at a fixed angular speed.

The polarization of the light can give information about the emitter. In the case of
an anisotropic crystal lattice, the charge dipoles can be restricted in a way that would
constrain the light to one polarization. This direction can be isotropic in the plane, or
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anisotropic, depending on the crystal lattice. In phosphorene, which has a strong in-plane
anisotropy, the luminescence is strongly polarized [12].

The photoluminescence is generally recorded in the z direction, perpendicular to the
plane of the materials, measuring light with polarization in the plane. In-plane propa-
gating light with an out-of-plane polarization might have different properties due to the
strong anisotropy of layered materials. Different selection rules apply to in- and out-
of-plane polarized light; indeed, some transitions are forbidden, and thus dark, in one
polarization but can be bright in the other one. Looking at both types of polarization
allows for the study of the band structure of the material; however, it is challenging to
measure experimentally. Wang et al [13] reported measurement of out-of-plane polar-
ized light in 2D monolayer TMDs. This is further discussed in section 3.4.

1.1.2 Excitons

The situation is more complex than shown in Figure 1.1 since a negatively charged elec-
tron promoted to the conduction band can bind to a positively charged hole in the valence
band via Coulomb forces. This interaction produces a bound-state, called exciton, and
usually represented as X , with a binding EB compared to the energy of free particles.
An exciton is an electrically neutral quasiparticle.

Depending on the properties of the material, two types of excitons can exist. Frenkel
excitons occur in solids with a low dielectric constant where the binding energy of the
exciton is strong (0.1-1 eV), leading to “small” excitons that fit into a unit cell of the
crystal [14]. Wannier-Mott excitons, on the other hand, are localized over many unit
cells [15]. Despite the small Bohr radius (a few nm [16]) of the excitons in 2D ma-
terials, the Wannier-Mott model is the best suited to describe them, both qualitatively
and quantitatively [17, 18]. The following paragraphs will focus on the Wannier-Mott
description of excitons.

The similarity in structure of the exciton and the hydrogen atom lead to an accurate
description of the excitonic problem using an hydrogen model, predicting for instance
the existence of excited levels of the excitons. Such levels can be observed in the PL
spectrum of MoS2 and WS2 [19]. However, this simple picture is affected by phonon
scattering, which leads to a broadening of the excitonic peak scaling with the temperature
[20].

Excitons are the simplest bound states observed in solids. There can also be more com-
plex quasiparticles, such as trions, which are charged excitons and can be either positive
(2h-e) or negative (h-2e), or biexcitons which are bound states of two excitons [21, 22].
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(a) (b)

FIGURE 1.3 – (a) Representation of the electron-hole energy bands in a semiconductor
with a direct bandgap Eg. (b) Representation of the exciton spectrum in a direct bandgap
semiconductor with an exciton state at energy EB below the conduction band. EX is
the energy of the exciton. The excitons within the light cone can recombine radiatively
(“bright”) while the excitons outside of the light cone are “dark”.

In the case of an exciton, the Hamiltonian in a center-of-mass system is given by

H = −~∇2
r/2µ+ Veh(r), (1.1)

where µ = (m−1e + m−1h )−1 is the reduced mass and can be measured or estimated
computationally (see [23] for reduced mass of various 2D materials) and Veh(r) is the
Coulomb potential between the electron and the hole given by−e2/(4πε0ε|re−rh|) with
r = |re − rh|.

The exciton Rydberg energy is defined as

RyX = Ry
µ

m0

1

ε2
, (1.2)

where Ry =13.6 eV is the hydrogenic Rydberg energy.

Similarly to the hydrogen problem, the solution is a quadratic dispersion relation for the
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quantum numbers n = 1, 2, . . .. If we include the propagation of the exciton with wave
vector k, the total energy is:

En
X(k) = Eg −RyX

1

n2
+

~2k2

2µ
. (1.3)

Analogously to the hydrogen atom, let’s define the Bohr radius aXB for the first excited
level of the exciton as a function of the hydrogen Bohr radius aHB as aXB = aHB

m0

µ
ε.

The exciton energy levels are indicated in a schematic representation of the energy in the
free particle picture (see Figure 1.3(a)) and in the exciton picture (see Figure 1.3(b)). In
the electron-hole picture, the conduction and valence bands of the unbound quasiparti-
cles are seen, as well as the interaction leading to the bound state. In the exciton picture,
the zero level corresponds to the absence of excited charges and the continuum at higher
energies corresponds to unbound excited carriers in the bands.

Based on their momentum relative to the photon dispersion, some excitons of the recom-
bination are radiative and therefore called “bright” while the others are called “dark” and
need an interaction to scatter back into the allowed transitions and then recombine emit-
ting a photon. This is illustrated in Figure 1.3(b) as the light cone given by ~c · k where
c is the speed of light. Only excitons within this light cone can recombine radiatively as
their energy/momentum allows for the emission of a photon while outside of the light
cone, the energy of the exciton is too small to emit a photon at the given momentum. In a
direct band gap semiconductor, as Figure 1.3(b), the electron and the hole have the same
momentum, which leads to an exciton dispersion centered around k = 0. In indirect
semiconductors, the two charges have different momenta, leading to an exciton with a
non-zero momentum.

An exciton can be lost due to interaction with phonons or defects in the crystal lattice
(leading to free charge carriers and to photoconductivity), during which they recombine
by giving heat to the material, or recombine emitting a photon. The latter recombination
process is the basis of photoluminescence. The exciton has time to relax to its lowest
energy state and emits a photon at a precise wavelength.

The existence of excitons at a lower energy than the free particle bandgap leads to the
definition of an “optical bandgap” that is different to the free-particle bandgap. The
latter comes from the band structure of the carriers and is defined by the smallest energy
difference between the conduction and valence band. The optical bandgap is defined by
the lowest energy state of the exciton (see Figure 1.4).
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FIGURE 1.4 – 2D exciton energy levels. Adapted from [18].

Vertical confinement

In a bulk semiconductor, the exciton has the freedom to move in three dimensions. The
energy levels are given by Equation 1.3, which can be rewritten as:

E
(n)
3D = Eg +

~2(k2x + k2y + k2z)

2µ
−RyX 1

n2
. (1.4)

In 2D materials, the electron and the hole are confined to the height of the 2D material
perpendicular to the plane. Indeed, the 2D layers can be as thin as 3 Å whereas excitons
extend as much as tens of nanometers in bulk materials. The limitation in space therefore
has to be taken into account to accurately describe the behavior of the excitons.

Due to the confinement, n is replaced by n − 1
2

(see section A.1. of [24] and Chapter 9
of [25]) and the energy E(n)

2D is given by:

E
(n)
2D = Eg +

~2(k2x + k2y)

2µ
−RyX 1(

n− 1
2

)2 . (1.5)

The excitonic states as well as the free particle bandgap are shown schematically in
Figure 1.4. The image also illustrates the decrease in the oscillator strength (intensity of
the peak) with increasing n.

Dielectric screening

On top of the restriction of motion to the plane, in order to properly estimate the energy
dispersion of the exciton, the effect of the dielectric environment must be taken into
account. Indeed, because they exist in a dielectric medium, the charges are screened.

The screened interaction between the hole and electron can be rewritten in the reciprocal
space for a given momentum k as (see [26] and its supplementary information for more
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detail):

Veh(k) = − 2πe2

kε(k)
= − 2πe2

k(1 + r0k)
, (1.6)

where the screening length in the material, r0, is to be fixed by experiment or calcula-
tions.

The potential in real space is therefore expressed as [26]:

Veh(r) = −πe
2

2r0

[
H0

(
r

r0

)
− Y0

(
r

r0

)]
, (1.7)

where H0 and Y0 are the Struve and Bessel functions.

As the electric field of the exciton permeates through the surrounding environment, the
properties of the surrounding materials start to have a major effect on its behavior [26,
27]. One way to account for this is to integrate the dielectric constant of the surrounding
material, εs, in the screened interaction Equation 1.7. The contribution of the dielectric
environment is given as [28]:

Veh(r) = −πe
2

2r0

[
H0

(
(1 + εs)r

r0

)
− Y0

(
(1 + εs)r

r0

)]
. (1.8)

The illustration Figure 1.5(a) shows the electric field lines of the exciton in a material
with a dielectric constant for the 2D materials ε2D and 3D materials ε3D. For the 2D
case, the lines are partially going through the surrounding medium that has a different
dielectric constant; here the vacuum is indicated with ε0. This change in dielectric con-
stant leads to an enhanced electron-hole interaction and reduces the size of the exciton
[16]. This is illustrated in Figure 1.5(b) where the optical absorption of the free particle
has a shape depending on the dimensionality of the material (see Figure 1.2) and the
exciton peaks are at a lower energy value than the free particle bandgap.

This phenomenon can be used to engineer the bandgap and optical properties of 2D
materials. For instance, the exciton binding energy of WS2, a 2D material with direct
bandgap, shifts considerably with changes in the surrounding medium. Figure 1.5(c)
shows that changing the dielectric environment from air to one, two or three layers of
graphene leads to a shift of up to of 120 meV of the separation between the first and
second excited state of the exciton, ∆12, which scales linearly with the bonding energy
of the exciton.
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(a) (b)

(c)

FIGURE 1.5 – (a) Spatial representation of 3D and 2D excitons with their electric field
lines and (b) their optical absorption for the n = 1 level. Adapted from [26]. (c) ∆12 as
a function of the number of layers of graphene on top. Dashed lines indicate the solution
of the electrostatic model for exposed WS2 on fused silica substrate (grey) and covered
with bulk graphite (red). Adapted from [27].

1.1.3 Photoluminescence

Photoluminescence (PL) is a luminescence process activated by the promotion of elec-
trons from the valence band to the conduction band by the absorption of a photon at an
energy higher than the bandgap (See Chapter 25 of [25]).

PL is a useful tool for studying materials with a bandgap close to the visible range, such
as some common TMDs. A photon of incident light with an energy above the bandgap is
absorbed by the material, creating an exciton. In the case of a direct band gap the exciton
recombines, emitting a photon. In the case of an indirect bandgap the recombination
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is phonon mediated and thus less efficient which leads to a very weak or non-existent
luminescence. For example, monolayers of TMDs, that have a direct bandgap, are much
brighter than the corresponding bilayers, which have an indirect bandgap.

1.1.4 Optical absorption

The optical absorption of a material at a given wavelength is the amount of photons of
that wavelength that are absorbed in the material, promoting electrons to higher excited
states. This depends strongly on the bandstructure of the material. Therefore, measuring
and analyzing the absorption spectrum is a powerful tool for understanding a material.
The light that is not absorbed can be transmitted or reflected. While measuring reflection
is easy, measuring transmission can be difficult for samples on opaque substrates, and
secondary methods are needed to obtain the absorption of the material; for example
photoluminescence excitation and reflectance contrast.

Photoluminescence excitation (PLE) is a method of estimating the absorption of a mate-
rial without measuring transmittance and reflectance. The intensity of the PL spectrum
is studied as a function of the wavelength of the incident light. The power of the incident
light is kept constant on the sample, while its wavelength is scanned from the position
of the PL maximum to higher excitation energies. An increase in the intensity of the
PL tends to indicate a higher absorption, as more electrons are absorbed, more electrons
have the opportunity to relax and emit. Reflectance contrast C spectra, are recorded by
comparing the reflected spectrum of the light of the sample R to the reflected spectrum
of the substrate Rsub, as

C = 100
Rsub −R
Rsub

. (1.9)

In complex structures made of layers of different materials, PLE is favored over re-
flectance contrast measurements as the reflected signal is highly impacted by interfer-
ence in the individual layers, leading to the loss of the absorption signal of the layer of
interest.

1.1.5 Raman effect

When light is directed onto a crystal, most of it scatters elastically and is reflected with
the same wavelength as the incident beam, which is termed Rayleigh scattering (see
Figure 1.6). A very small fraction of the light scatters inelastically (Raman Scattering)
on vibrational modes of the lattice (phonons) decreasing or increasing the energy of the
photon. This fraction is reflected at a different wavelength and shows up as very narrow
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FIGURE 1.6 – Scattering mechanisms in crystal latices.

lines on either side of the reflected main peak. The peaks on the lower energy side are
called Stokes lines and the ones on the higher energy side are called anti-Stokes. These
transitions are illustrated in Figure 1.6.

The intensity of the reflected light is plotted against its Raman shift ∆w given in cm−1

as a function of the incident light wavelength λ0 and the scattered light wavelength λ1 as

∆w =

(
1

λ0
− 1

λ1

)
. (1.10)

Raman spectroscopy is an established technique to investigate 2D materials and it can
be used to estimate the number of layers of a crystal, its strain, its doping or the amount
of defects [29–34].

1.1.6 Electroluminescence

Electroluminescence (EL) is a process through which the active material converts elec-
trical current into light [35]. It is similar to PL, but electrons and holes are provided to
the channel (the active area) by electrodes instead of an incident photon. The process is
then similar to that described in subsection 1.1.1. As the intensity of the EL depends on
the number of charges available, the EL intensity scales monotonically with the current
flowing through the device [36].

Light emitting diodes (LED) were developed soon after the first measurement of EL
[37], and optimized over the years to work at various wavelengths. They have become
omnipresent, being used in displays, lightning, computers and communication devices.
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Material Wavelength Color
GaAs 850-940 nm IR

GaAsP 630-660 nm Red
GaAsP 605-620 nm Amber

GaAsP:N 585-595 nm Yellow
AlGaP 550-570 nm Green

SiC 430-505 nm Blue
GaInN 450 nm White

TABLE 1.1 – Currently commercially available LEDs [39].

The most common LEDs are based on pn junctions. The semiconductor is heavily doped
negatively (n) on the side of one electrode and positively (p) on the other side, leading
to a negatively doped area and a positively doped area in contact with each other. A
high enough applied voltage results in an interface in which the region of electron ac-
cumulation in the conduction band and that of hole accumulation in the valence band
spatially overlap, enabling their recombination by emitting photons at the energy of the
band gap of the material. Commercially available LEDs emitting in the visible range
tend to be made of III-VI semiconductors (generally gallium), as shown in Table 1.1,
where the tuning of the emission wavelength is done by varying the pnictogen and the
doping level. Vertical LEDs based on semiconducting 2D materials, such as MoS2 and
WS2, have been demonstrated to work and emit in the visible range with a high quantum
efficiency (∼10 %) [38]. This is the basis of the experiment described in chapter 4.

1.1.7 Quantum confined Stark effect

The Stark effect is the name given to the shifting and splitting of the degenerate energy
levels of atoms under an applied electric field. This is due to the polarization of the
nucleus and electronic cloud in the external electric field. In a crystal, the effect of an
electric field is seen through shifts of the bands in the band structure of the material.

The quantum-confined Stark effect describes the effect of electric field in low-dimensional
(2D, 1D, 0D) semiconducting materials. When a vertical electrical field is applied be-
tween each side of the plane, the electrons and holes move towards opposite sides of the
low-dimensional material, but, contrary to bulk materials, the charges are confined in a
small volume preventing them from moving completely away from each other.

An applied vertical electric field, F , adds an additional linear potential V = −eFz to
the bands. The main contribution comes from the second order perturbation theory (see
Chapter 2 of [40] for first order perturbation and further details). The shift in energy of
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FIGURE 1.7 – Bandgaps for various 2D materials. Adapted from [42]. In the band
structures in the bottom, dashed lines indicate conduction and valence band edges.

the conduction band is given by

∆E =
∞∑
m=2

| 〈ψm|V |ψ1〉 |2

Em − E1

(1.11)

where ψm is the wave function of the m state and Em is its energy.

Which leads to

∆E =
∞∑
m=2

|
∫ +∞
−∞ ψ∗m(z)(−eFz)ψ1(z)dz|2

Em − E1

(1.12)

As F is not a function of z, it can be taken out of the integral, which leads to ∆E ∝
−F 2. In this situation, the position of the emission lines of the semiconductor shift
quadratically with the applied bias. This effect has been observed in MoS2 monolayers
[41] where X and X− show a quadratic red shift under bias.
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1.2 Two dimensional materials

Two-dimensional materials are a broad family that comprises many materials with an
extremely diverse set of properties. Their common feature is the strong anisotropy: the
atoms are strongly bound in-plane, but weakly bound together, making planes (layers)
easy to isolate. The following section is focused on three main categories of 2D materi-
als: hexagonal layers (graphene, hexagonal BN, . . . ), III-VI monochalcogenides (InSe,
Gase, . . . ) and transition metal dichalcogenides (MoS2, WSe2, . . . ). Thanks to their in-
trinsic planar geometry, these materials allow for the study of processes at the 2D limit.

An interesting property of materials for electronics and optoelectronics is the size of the
bandgap that allows the fabrication of transistors and the emission and absorption of
light. Various categories of 2D materials are placed according to their bandgap, given in
energy and frequency, in Figure 1.7.

1.2.1 Graphene

The isolation of graphene, a single layer of graphite, launched the research of 2D mate-
rials [9]. Graphite is a very common material that has been known for millennia and is
widely used in our daily life (pencils, lubricant, batteries, steelmaking, . . . ). Figure 1.8
shows a scanning electron microscopy picture of a cleaved graphite pillar where the
layered structure can be clearly seen.

FIGURE 1.8 – SEM picture
of Graphite [43].

In graphene, carbon atoms are ordered in a honeycomb lat-
tice, with an atomic distance of 1.420 Å. Each carbon atom
forms three σ bonds with its neighboring atoms and one
weaker π bond. The first ones are responsible for the me-
chanical strength of graphene, while the second one is re-
sponsible for its conductivity. In graphite, graphene layers
are stacked on top of each other with a spacing of 3.34 Å.
In natural graphite, the graphene layers are stacked so that
each carbon atom of one sublattice is right above the cen-

ter of the hexagon of the layer beneath. This type of stacking is called AB or Bernal
stacking (see Figure 1.9).

The density of states of graphene vanishes at the six corners of the Brillouin zone, di-
vided in two non-equivalent sets, K and K’. Around these points, the dispersion is linear,
given by
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EK,K′ = ±~vF |k|. (1.13)

where ~ is the reduced plank constant, vF is the Fermi velocity of the charge carriers
in graphene and is around 106 m s−1 and k is given with respect to the K and K’. This
equation is in great contrast to common semiconductors that display a quadratic disper-
sion around band minimums, and is characteristic of massless relativistic particles, such
as photons, that follow the Dirac equation [44] and was confirmed experimentally [45].
For this reason, K and K’ are commonly called Dirac points.

Graphene is an ambipolar material where the carrier density can be tuned by applying
a gate voltage to values up to 1013 cm−2. The mobility of devices was measured to be
around 3× 106 cm2/(Vs) [46] at cryogenic temperatures.

Graphene is also nearly transparent, with a constant absorption over the visible range
[47], which makes it an interesting choice for transparent electrodes [48]. It is also
flexible, going beyond the possibilities offered by fragile ITO [49], and has been used
for various application in optics, such as solar cells [50], LEDs [51], detectors [52, 53],
etc...

The graphene crystals used during this project were mechanically exfoliated from natural
graphite using the adhesive tape method described in subsection 2.1.1.

1.2.2 Hexagonal boron nitride

FIGURE 1.9 – Stacking
polytypes of hexagonal
layers [54].

Boron nitride, similarly to carbon, crystallizes in hexagonal
and cubic lattices, but it can also appear in a wurtzite struc-
ture. Hexagonal boron nitride (hBN) is a crystalline form of
boron nitride that is analogous to that of graphite [55].

The monolayer of hBN is composed of boron and nitrogen
atoms organized on a honeycomb lattice, as if replacing the
first sublattice of graphene by nitrogen and the second one
by boron. The bond length is ∼1.446 Å which corresponds
to a 1.8 % difference with the graphene lattice and the in-
terlayer distance 3.4 Å. The most common hBN crystal lay-
ers follow an AA’ stacking, which is similar to AA stacking
(see Figure 1.9), but with boron (nitrogen) atoms positioned
over nitrogen (boron) atoms [56].
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Unlike graphene, hBN has a wide bandgap (∼6.0 eV [57]) for the bulk crystal. Thanks to
its large bandgap, hBN is mostly transparent over a large range of wavelengths [58] and
it has been used to manufacture an ultraviolet laser [59, 60]. Defects in the lattice cause
luminescence at lower energy [61] and have been proposed for use in communication
technologies [62].

The large bandgap, high crystalline quality and atomic flatness make hBN a substrate
of choice for graphene electronic devices [63] as it plays the role of a gate dielectric
while, at the same time, decoupling graphene from the surface phonons of underlying
dielectric materials, such as SiO2 [64] or Si3N4. Its dielectric constant is ∼5 [65, 66],
which positively compares to the one of SiO2 (3.9 [67]).

hBN encapsulated graphene reached mobilities of around 3× 106 cm2 V−1 s−1 [46]. The
measurements are limited by the size of the sample (usually on the order of tens of
microns), and not the quality of the material. hBN is airtight, and is therefore useful to
encapsulate materials that degrade under ambient conditions.

The recent increase in quality in the production [63] of the crystals has enabled the use
of extremely thin layers [30] as tunneling barriers [68]. Though it is possible, it is a lot
more difficult to find monolayers of hBN on SiO2 than it is to find graphene. Indeed,
the contrast of the monolayer is less than 1.5 % using white light [69], which is below
the sensitivity of the human eye [70]. Using color filters, digital color enhancement and
differential interference contrast (DIC) makes it possible to resolve single layers on SiO2

or PMMA substrates.

Tunneling barriers

Quantum tunneling is a phenomenon where low-energy charge carriers are able to move
across a higher potential barrier, such as the band gap of few-layer hBN, with a finite
probability. This process can be used in some situations to create contacts to a material
[71]. It is the principle behind the behavior of Esaki or tunnel diodes. The mechanism
of tunneling through hBN is important as it is the limiting factor for the current flowing
through the LED devices that are described in chapter 4.

The behavior of the current flowing between two graphene electrodes through hBN was
first reported by Britnell et al [68] and the magnitude of the current is given as [68]

I(V ) =

∫
dEDoSB(E)DoST (E − eV )T (E)[f(E − eV )− f(E)], (1.14)
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(a) (b)

FIGURE 1.10 – (a) Tunneling between graphene electrodes through hBN [68]. (b)
Schematic band diagram at various biases between gold and graphene electrodes [72].

where DoSB and DoST are the density of states of the bottom and top graphene, f(E)

is the Fermi distribution, V is the voltage bias applied between them, and T (E) is the
transmission probability.

For a fixed bias, the current through the tunnel barrier decreases by one order of magni-
tude for each additional layer of hBN (∼3 Å), as shown in Figure 1.10(a). The zero-bias
resistance is of the order of 1 kΩ−1 µm−2 for a monolayer hBN sandwiched between
graphite electrodes, decreasing to approximately 0.1 GΩ−1 µm−2 for 4 layers of hBN. It
is also interesting to notice that the breakdown voltage of hBN is about 1 V nm−1 [73]
limiting the maximum bias applied to a device.

Quantum capacitance

With devices similar to the ones used for tunneling measurements in the previous sub-
section (namely, non-metallic materials with relatively low DoS), one can estimate the
capacitance and get information about the DoS of the materials. The capacitance of the
device, with an area A and a separation d between the plates, is split in between a con-
stant term that is only dependent on the geometry of the device, CG = εA/4πd, where
ε is the dielectric constant of the dielectric, and the quantum capacitance CQ, related to
the ability to accumulate charges in the material of the capacitor plate.. When applying
a potential V between the graphene and the other metallic electrode, the total electro-
chemical potential is given in part by the electric field ϕ, and in part by the chemical
potential µ, as shown in Figure 1.10(b). The quantum capacitance of a device is given,
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as a function of the carrier concentration n and the chemical potential µ, by [74]

CQ = Ae2dn/dµ (1.15)

In graphene, the normalized DoS (dn/dµ) is given by [72]

dn/dµ =
8|µ|π
h2v2F

(1.16)

This leads to CQ ∝ µ and, therefore, to a high impact of the quantum capacitance on
the total capacitance for low µ (low applied bias). The situation with V = 0 and V > 0

is illustrated in Figure 1.10(b) showing the contribution of the chemical potential and
applied field to the total field.

1.2.3 Transition metal dichalcogenides

FIGURE 1.11 – Crystal phases of TMDs [75].

In transition metal dichalcogenides (TMDs),
each layer is made of a plane of transi-
tion metal enclosed between, and cova-
lently bonded to, two planes of chalcogens.
The crystals can appear in three crystalline
phases with different stacking order, 2H,
1T and 3R, of which the 2H and 1T phases
have been more widely studied [76], and
can be seen in Figure 1.11, where the metal
atom is in purple and the chalcogen in blue.
In the top view of the single layers, a yel-

low area indicates the unit cell. The 1T phase keeps repeating identically, while the 2H
phase repeats every other layer with each layer being rotated in plane compared to the
surrounding ones.

Unlike graphene, which is a semimetal, TMDs display a wide range of properties from
metallic to semiconducting with various bandgaps covering the visible and IR range (see
Figure 1.7). The minimum of the gap in the band structure occurs at the K and K’
points leading to an additional valley dependence of the absorption. They display strong
spin-orbit coupling.

Molybdenum disulphide, MoS2, was one of the first TMD crystals to be studied in its
mono- and few-layers form, as it is most common and a naturally occurring crystal [6].
It can be mined and extracted similarly to graphene, and was used for similar applica-
tion based upon their layered structure (dry lubricant [77], strengthening of polymers
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(a) (b)

FIGURE 1.12 – (a)Bright field image a TMD crystal on oxide with indication of the
number of layers and (b) PL image of a MoSe2 crystal. Due to the transition from direct
to indirect bandgap with increasing the number of layers, only the monolayer displays
PL.

[78]) but also as a catalyst for desulfurization [79]. The first study of the 2H-monolayer
reported its optical properties [80], investigation of its electrical properties came soon
after [81], leading to a good understanding of the intrinsic properties of this material.
The bandgap varies from 1.9 eV (monolayer) to 1.29 eV (multilayers) [80], and goes
from direct (monolayer) to indirect (two layers and more).

The transition from direct to indirect bandgap is found in many TMDs which explains
why only monolayers show PL. Figure 1.12(a) is an image of a crystal composed, of a
monolayer, a bilayer and a bulk part. In the PL image, Figure 1.12(b), only the mono-
layer appears.

As TMDs have been studied in more detail than other semiconducting 2D materials, it is
relevant, in some situations, to compare them to our findings and acknowledge what has
been learned over the years.

1.2.4 Post-transition metal chalcogenides

Post-transition metal (III–VI) chalcogenides (PTMC) comprise another family of layered
materials. Each structural layer is composed of two planes of metal atoms enclosed in
two planes of chalcogen atoms (see Figure 1.13(a)). They have been known for a long
time in the bulk form, and studied for their interesting non-linear optical properties.
However, the studies of thin layer crystals have only started recently, as they degrade in
air and need to be handled in a controlled atmosphere with no oxygen or water. These
compounds display unusual valence band structures, which lead to interesting electronic



24 Chapter 1. Background

(a) (b)

FIGURE 1.13 – (a) Crystal structure of an III-VI chalcogenides and (b) its three poly-
types [83].

properties [82]. The bandgap of these bulk materials usually lies close to the visible
range, which makes them interesting for optical applications (e.g., GaSe 2.1 eV, GaTe
1.7 eV and, further in the IR, InSe 1.3 eV).

Indium selenide, InSe, is a semiconducting material that has been studied for decades, in
particular for its optical properties leading, among others, to the demonstration of solar
cells with high efficiency [84]. InSe can occur in three polytypes (different alignment
of the vertically stacked layers), β, ε and γ [85, 86] (see Figure 1.13(b)). The crystals
used during this project were γ-InSe grown using the Bridgman method and this crystal
structure will be implied when not otherwise specified. In this polytype, the layers are
spaced by 0.8 nm [2] and display a dielectric constant of around 5 [87].

As it is made thinner, the bangap of InSe increases from 1.3 eV for the bulk to 2.8 eV at
the monolayer limit [88–90]. The detailed band structure of InSe is shown in Figure 1.14
for a few thicknesses as obtained from tight binding calculations by S. Magorrian [88].
Two bright transitions have been observed; the low energy one is called A and the high
energy one is called B. They are indicated respectively in green and blue in Figure 1.14.
The minimum of the conduction band is located in the Γ point at the center of the Bril-
louin zone. The bandgap is quasi-indirect, with the maximum of the valence band being
slightly off the Γ point, though the transition moves closer to the Γ point as the number
of layers increases. This shift toward Γ also pushes the A transition to become more
direct and moves toward a lower energy. The B transition, on the other hand, stays at
Γ for all thicknesses and decreases in energy, though less prominently than the A peak.
The layer dependent energy of the A and B excitons is shown in the inset of Figure 1.15.
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FIGURE 1.14 – Band structure of InSe for N layers by tight binding calculation [88].
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FIGURE 1.15 – Thickness dependence of InSe PL and DFT calculation of the peaks
positions [2].

The characteristic shape of the valence band is sometimes called an inverted “Mexican
hat” [91] and has been confirmed by ARPES measurements [86].

Due to the change in band structure, the optical properties of InSe are highly layer-
dependent (see Figure 1.15) [2]. The PL of the A exciton shifts from 1.3 eV for the bulk
to 1.85 eV for the bilayer. The A exciton has not been observed in the monolayer, which
has been explained by the plane symmetry along the layer causing wave-functions at the
edge of the valence or conduction bands to be even or odd, respectively, with respect
to the z −→ −z transformation, forbidding the optical excitation [2]. The spin-orbit
coupling was not taken into account in these first calculation, and it is expected to be
enough to lift the symmetry and make the PL of the A transition bright [92] though there
is still no report of its observation. The B peak that appears in the PL spectrum around
2.6 eV to 2.9 eV, comes from transitions to deeper bands and is weakly affected by the
number of layers.

The bulk material displays a field effect mobility of 102–103 cm2/(Vs) [93] as found for a
20 nm thick slab and a thinner crystal (6 layers) displays a Hall mobility of 12 700 cm2/(Vs)

at cryogenic temperature [2]. InSe inconveniently degrades in ambient conditions and
thus has to be handled in a non-reactive atmosphere [86]. The cause of the degradation
appears to be oxidation, as per the calculations done by V. Zólyomi (see Table 1.2). The
energy of formation of the defective structure is defined, for example in the case of a
single Se vacancy VSe, as EF = (EInSe+VSe

+ESe)−EInSe. The last line of the table is
the oxidation process and the sign of the energy of formation confirms that oxidation is
likely to happen if the crystal is left in ambient conditions. This could lead to less bright
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Defect type Relaxed structure Unrelaxed structure EF

Single In vacancy 5.615 5.625 7.475
Single Se vacancy 6.178 6.194 6.761
Double Se vacancy 12.373 12.404 13.490
In+Se divacancy 10.932 10.958 12.612
Single Se to O substitution -2.616 -2.619 -0.393

TABLE 1.2 – Energy of formation of various defects in the InSe monolayer.

luminescence (non radiative channels) or emission lines at other energies than the A and
B transitions.
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Chapter 2

Fabrication and characterization of van
der Waals heterostructures

This chapter presents various steps in the device fabrication, from encapsulating air-
sensitive layers in hBN to defining electrical contacts, and reviews their characterization
methods.

2.1 Fabrication

The fabrication of devices based on 2D materials is a complex process based on various
techniques of nano-fabrication. Some techniques are broadly used in semiconductor
technologies while others have been developed especially to work with 2D materials.

2.1.1 Isolating mono-layers and few-layers from a bulk crystal

FIGURE 2.1 – The exfoliation process [94].

In this project, the layered materials were
mechanically exfoliated onto oxidized sil-
icon wafers, as illustrated in Figure 2.1.
First, a thin piece of van der Waals mate-
rial is cleaved (a) a few times using an ad-
hesive tape, until the tape is densely cov-
ered with crystals (b) [95]. The adhesive
tape is then pressed onto a piece of oxi-
dized silicon wafer (c) (or another chosen
substrate) and gently peeled away. Some
crystals remain on the substrate (d) and among these some turn out to be mono- or few-
layer thick [96]. Figure 2.2 shows optical images of hBN, graphene, MoS2, where the
number of layers is indicated on several thin areas showing a noticeable contrast change
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(a) hBN (b) Graphene

(c) MoS2

FIGURE 2.2 – Optical images of hBN, graphene and MoS2 crystals on SiO2/Si substrate.
The numbers indicate the number of layers.

between the different thicknesses. This method is commonly used in the field to exfoliate
2D materials [6, 9], and produces intact crystals, though of relatively small size.

Thermally grown high quality SiO2 is commonly used in the semiconductor industry
and Si ingots are grown with extremely high control and quality [97]. Using SiO2 as
a substrate for 2D materials allows the fabrication of nanoelectronic devices with the
ability to characterize them at different charge carrier densities, using the doped Si as a
back-gate and the SiO2 as the dielectric gate.

In 2010, it was demonstrated that using hBN as a substrate for graphene devices enables
the attainment of higher mobilities and higher mean free paths, as the scattering from
charged impurities and phonons in the SiO2, as well as inhomogeneities produced by its
surface roughness, are suppressed [63].
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FIGURE 2.3 – Dry-peel transfer method [98].

2.1.2 Stacking 2D materials

A major problem with exfoliation is random positioning of micron sized crystals. In
order to combine different types of exfoliated crystals into stacks useful for optical and
electronic study, methods have been developed to transfer selectively individual or mul-
tiple crystals with precise control of the location [63]. The methods that I commonly
used were the dry-peel transfer and the PDMS stamp method.

Dry-peel transfer

The dry-peel transfer method using Poly(methyl methacrylate) (PMMA) membranes
was the first one developed in order to transfer graphene onto hBN crystals, as illus-
trated in Figure 2.3.

First, a crystal is exfoliated onto a substrate composed of PMMA / PVA / Si or PMMA /
PMGI / Si, and a suitable candidate is selected using an optical microscope. The polymer
is then cut around the crystal so as to expose the PVA / PMGI layer at the edge. Bringing
a suitable solvent (Water, MF-319,. . . ) to the opening selectively dissolves the PVA or
PMGI and lifts the hydrophobic PMMA membrane from the substrate. The PMMA
membrane can then be "fished" with a specifically designed holder. The membrane
is aligned over another substrate supporting a different exfoliated 2D crystal using an
optical microscope. It is then lowered until contact is made between the two crystals. At
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FIGURE 2.4 – transfer technique using PDMS stamps [99].

this point, there are two possibilities, either the top crystal is released from the membrane
onto the bottom crystal, or the bottom crystal is picked up and the process can be repeated
in order to deposit the stack onto its final substrate. Leaving a crystal down or picking
one up depends on various parameters, including the temperature, the vertical speed, the
thickness and the lateral size of each crystal. Stacks composed of 13 different layers
have been realized with the dry-peel transfer method [38].

PDMS stamping

This method was developed in order to reduce the amount of residues that can end up
trapped at the interface between graphene and hBN as a result of the dry-peel transfer
method. This improvement is done by reducing the speed at which the crystals come
into contact. A very slow contact speed leaves enough time for the hydrocarbons and
other contaminants to move away from the stack and thus produces a larger clean area.
The process is illustrated in Figure 2.4, adapted from [99].

The polydimethylsiloxane (PDMS) stamp is attached to a glass slide and covered with
a thin layer of viscous polypropylene carbonate (PPC) [99], PMMA or polycarbonate
(PC) [100]. It is then used to pick up various crystals exfoliated an on oxidized silicon
substrate. The entire process is done above the glass transition temperature of the vis-
cous polymer to improve its adhesion with 2D materials (PPC has a glass transition of
∼40 ◦C).
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(a) (b)

FIGURE 2.5 – (a) Optical image of the same crystal before encapsulation. The numbers
indicate the layer thickness. (b) AFM of a partially encapsulated InSe crystal. The pink
line shows the limit of the hBN crystal covering the stack.

When transferring graphene or hBN, the temperature is often raised above 120 ◦C, which
helps to desorb volatile species from the surface and increases the mobility of contami-
nation escaping from the collapsing interface. If 2D materials degrade at elevated tem-
peratures, transfer is performed with less heating (sometimes as low as 45 ◦C), though
this lowers the mobility of adsorbates, leading to the formation of bubbles.

Advantages and issues regarding encapsulation

Encapsulation in hBN has led to significant improvements for the quality of graphene
[63]. As hBN encapsulation is airtight, it is a great ally when working with materials that
degrade in ambient condition, such as InSe and many others. To preserve such materials,
typical work flow starts with exfoliation of InSe and subsequent transfer performed in
an argon filled chamber in which the oxygen and water concentrations are kept below
0.1 ppm. Once the stack is fully encapsulated in hBN, it can be taken out of the argon
chamber for processing and measurements.

Figure 2.5(a) is an optical image of the InSe crystal as exfoliated, with the number of
layers indicated on each area of the crystal. Figure 2.5(b) shows the AFM micrograph
of this crystal after encapsulation, i.e. forming an hBN/InSe/hBN stack (the dotted line
indicates the edge of the top hBN crystal). Therefore, the left part of the picture is
unprotected, while the right one is covered by a 4 layer thick hBN crystal. The uncov-
ered portions of the InSe crystal degrade quickly and have a significantly higher surface
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roughness due to decomposition, while regions of bubble-free encapsulated InSe are
comparatively smooth.

FIGURE 2.6 – Bright-field TEM of a bub-
ble in a stack.

During transfers, some contamination can be
trapped between the two crystals. These con-
taminants can segregate, creating bubbles and
leaving micrometer-scale areas of clean inter-
face. Figure 2.6 is a TEM picture (See sub-
section 2.2.4 for more details) of such a bub-
ble voluntarily created in a stack of graphene
with hBN encapsulation. The stack was assem-
bled using the PDMS method at high contacting
speed, meaning that, impurities do not have the
possibility to move away from the closing inter-
faces and get trapped. A "slice" of such a stack
was cut out with a focused ion beam (FIB) and

transferred to a TEM grid for cross-sectional imaging.

The image shows that the bubble is not just a hollow fold in the crystal, but contains
some material. The content can be organic compounds present in the atmosphere or
polymer remaining from the exfoliation step. Identifying the type of polymer might be
useful, and is not trivial as many of the compounds/impurities present in commercially
available tape are not freely known. Using top hBN crystals thicker than 40 nm will
considerably reduce the number of bubbles compared to top crystals around∼5 nm thick
due to increase in stiffness and young modulus.

When working with graphene and hBN, it is possible to merge the bubbles by annealing,
in a process that resembles Ostwald-ripening [101], as illustrated by AFM topography
in Figure 2.7. The high temperature provides enough energy to move the contamination
between the surfaces, sometimes all the way to the edges of the stack. The bubbles can be
as high as ∼100 nm which makes them visible in optical micrograph, e.g. Figure 2.7(d).
Here, we also used lookup table (LUT) to enhance the contrast by selecting dynamic
range containing the crystals of interest.

As in Figure 2.7(a), directly after fabrication the stack has enclosed a uniform layer of
adsorbents. After annealing at 120 ◦C, Figure 2.7(b), the contamination begins agglom-
erating to create small patches of “cleaner” graphene hBN interface. After subsequent
baking at 200 ◦C, Figure 2.7(c), the adsorbents have completely segregated to create well
defined bubbles surrounded by a larger area of clean interfaces. This is also possible with
other 2D materials [102], but they generally tolerate lower temperatures before starting
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(a) (b)

(c) (d)

FIGURE 2.7 – Segregation of contamination in graphene encapsulated with hBN. The
pictures are AFM of the stack (a) after stacking, after baking at (b) 120 ◦C and (c) 200 ◦C
and an (d) enhanced Contrast Optical Image (LUT) of the same stack where the edges
of the individual layers are indicated. Images by M. Hamer.

to degrade, which limits the cleaning process. Working in a argon environment rather
than an open lab reduces the contamination without entirely removing it.

2.1.3 Electron beam lithography

Once the stack is finished, electrical contacts are designed using a drawing software.
This can be done using dedicated software for printed circuit boards or electrical compo-
nents, such as L-Edit or Layout-Editor, or a simple vector editor such as Inkscape. Once
the design is finished, it is exported to GDSII stream format compatible with lithography
software.

Electron Beam Lithography (EBL) is an SEM-based technology (see subsection 2.2.4
below) used to write very small patterns (down to a few nanometers) onto a substrate. A
thin layer of electron-sensitive resist is spun onto the substrate, and the focused electron
beam of an SEM is rastered within the areas to expose, changing the solubility of the
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resist in a given solvent. It is either locally enhanced (positive resist) or decreased (neg-
ative resist), and as a result the exposed area can be "developed", leaving it uncovered,
while others remain protected by the resist. This technique allows the achievement of
resolutions down to a few nanometers thanks to the short de Broglie wavelength of the
high-energy (10–100 keV) electrons of the beam, better than that obtained by extreme
ultraviolet lithography(wavelength ∼13.5 nm). The patterned resist can then be used as
a mask to define electrodes or to selectively etch shapes into the stack.

Depending on the developer used, each resist has a critical dose above which it is af-
fected. For 200–400 nm thick PMMA, a common positive resist, a typical dose is 100–
400 µC cm−2. The lithography control program ELPHY Quantum breaks down the geo-
metric shapes to be exposed as an array of pixels, whose size, the so-called step size d is
determined by the resolution of the SEM and the magnification used.

The dose delivered D is given by

D =
Itdw
d2

, (2.1)

where I is the beam current and tdw is the dwell time.

In order to know the dose delivered to the resist, it is important to know the number of
electrons that hit the resist per second. Measuring the current before the exposure is not
enough to know the dose, it is also important to know where the energy is absorbed in
the resist. Indeed, as illustrated in Figure 2.8, the interaction area is pear-shaped and
extends significantly wider than the diameter of the incident beam (∼1 µm).

The cross section area decreases with increasing beam energy, which itself scales lin-
early with the acceleration voltage. Therefore, electrons accelerated at lower voltages
interact with even thin layers of resist, with the energy dispersed over a wide volume
at the surface while higher doses are needed at high acceleration but lead to a narrower
interaction volume [104].

The interaction volume for relatively low acceleration voltages has to be taken into ac-
count when designing masks and choosing doses for exposure as it can strongly affect
the shape of the mask: this is called a proximity effect. Indeed, the center of large areas
will need a lower dose to be developed, as each point is influenced by all nearby exposed
points, while a point at the very edge of an exposed area will get only half of this extra
dose and should thus be exposed longer in order to get the same total dose. In addition,
the edges of two neighboring exposed areas that are close to each other can deform,
since they receive an additional dose from electrons scattered over from the next area.
One way of correcting for proximity effect is to break the pattern into very small areas
and vary the dose based on the feature size.
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FIGURE 2.8 – Cross section images of interaction volume in PMMA for an incident
beam energy of 20 keV for increasing doses from a to g [103].

Limitations to the resolution

Aberration of the focusing optics Lenses used in an e-beam system, as per their opti-
cal counterparts, are not perfect and the result of these imperfections is called aberration,
and their cause and effects can be numerous. Among others, spherical aberration is due
to the different effect of the lens on the electrons crossing it in its center and those cross-
ing at the edges. The latter are more deflected and will cross earlier than the focal point
of the lens, creating a disk gradually decreasing in intensity instead of a point. Other
effects, such as aperture diffraction, astigmatism and chromatic aberration limit the res-
olution of the set up and have to be considered when doing lithography.

Electron scattering As discussed above, the acceleration voltage strongly impacts the
distribution of energy in the resist and the substrate. Common e-beam systems, such as
the EVO and LEO (Zeiss) systems used in DTU and the NGI cover a range of 1 kV to
30 kV. More advanced systems such as the JEOL JBX-9500, used at DTU, or the Vistec,
used at the NGI, use acceleration voltages up to 100 kV.

The resist Each resist has a different minimum achievable resolution size due to the
size of the molecule. PMMA, a very common resist, gives good resolution down to
around 10 nm. Other common resists include ZEP or CSAR as positive resists and HSQ
as a negative resist.
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In order to control the profile of the walls after development, one can choose to combine
multiple layers of polymer with different solubility. This can be, for example, a bilayer
of PMMA with different molecular weights, or combinations of different resists. A
common combination of PMMA layers is 950k over 495k. The top layer has a longer
chain length and will thus be less soluble compared to the 495k layer. This will give a
profile similar to the one in Figure 2.10, with a narrower opening in the top layer. A
trilayer of PMMA, MMA(8.5) MMA copolymer and PMMA is also common to create
an undercut suited for metal lift-off.

The development The development of PMMA is done in isopropanol (IPA) diluted
in solvents such as methyl-isobutyl-ketone (MIBK) or water to improve its potency and
leads to different resolutions[105] .

2.1.4 Etching

Plasma etching

In order to shape devices into various geometries using an EBL-defined etch mask (Fig-
ure 2.9(a)), an inductively coupled plasma (ICP) reactive-ion etching (RIE) was used.
The gas mixture is let into the chamber with controlled flow rate and pressure. The
gas is then ionized using an induction coil to increase its reactivity (Figure 2.9(b)). The
species in the plasma react with the exposed areas and etch away a selected material. The
plasma is maintained for as long as needed to etch through the whole thickness of the
material (Figure 2.9(c)). The ideal plasma has a low kinetic energy to keep the physical
etch rate low (atoms physically kicked out of the crystal), and is dense enough to give
a high chemical etch. After the etch is finished, the mask is stripped from the surface
revealing the pattern (Figure 2.9(d)).

Different chemicals are used to etch various materials that compose the stacks during
the RIE. hBN is etched with CHF3 or SF6 [106] and graphene and TMDs can be etched
with O2 [107, 108] diluted in argon. The concentrations, flow rates and pressures of the
gases, the power applied to the coil and the temperature of the substrate all influence the
etch rates. These chemicals also react with the material of the mask or sputter it, and the
etch time has to be kept low enough to keep the mask undamaged. Etching through a
stack can be done with a combination of the fluorine and oxygen gases that would etch
through the entire stack, or in steps alternating fluorine etch and oxygen etch that allow
a halt after specific layers have been entirely etched.
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(a) (b)

(c) (d)

FIGURE 2.9 – The etching process. The etch mask is in blue, the material to etch in
purple and the substrate in grey.

Ion milling

Ion milling is an etching process during which ions, from a plasma made of a noble
gases (Ar for example), are accelerated toward the sample and sputter the material away.
The etching is called physical as opposed to the mostly chemical etch of the ICP. In the
first case, the atoms are kicked off the surface by the very energetic ions whereas in the
second case, the ions react with the material to etch forming a gas that is evacuated.

2.1.5 Metallization

Metal contacts and gates are made by metal deposition. The contact material is deposited
using evaporation (thermal or electron-beam mediated) or sputtering. Both techniques
require a vacuum chamber, a crucible or a boat in which to put the metal source to
evaporate and a holder to keep the sample in front of the source. For thermal evaporation,
the metal is placed in a conductive crucible made of a material with a very high melting
point. Electrical current flows through the crucible that heats up by Joule heating. The
substrate to be metallized is placed in front of the source, and the metal condenses on
the surface. In an e-beam evaporation system, the metal is heated using a focused beam
of high energy electrons.

Various metals can be used and selecting one, or a combination, is based on the specific
material one wants to contact in order to obtain good contact resistance. The adhesion
to the substrate also has to be considered as the metal has to stick strongly enough so as
not to disappear during the numerous processing steps. Gold is usually a good candidate



40 Chapter 2. Fabrication and characterization of van der Waals heterostructures

(a) (b)

(c) (d)

FIGURE 2.10 – The metallization and lift-off process.

for good electrical contacts and has a good adhesion on hBN, but it sticks poorly to SiO2

[109] and it is common to use an adhesion layer. The adhesion layer is made of a very
small amount of a different metal that sticks efficiently to both the substrate and the main
metal contact.

Once a metal combination is chosen, the total thickness has to be kept low enough so
that the metal on the substrate is discontinuous from the one on the polymer mask (Fig-
ure 2.10(a)). This will ensure that the mask can be fully removed after the deposition.
To achieve this, the metal is usually kept thinner than a third of the polymer thickness
(Figure 2.10(b)). A common combination is a gold contact of 60 nm with an adhesion
layer of 0.5 to 3 nm made of chromium or titanium.

After having deposited metal on the chip, the substrate is immersed in solvent to remove
the polymer mask (Figure 2.10(c)), in a process called lift-off. The metal remains only
where the substrate was exposed, i.e. not covered by resist (Figure 2.10(d)).

2.1.6 Bonding

The chip is then diced to squares of less than 4× 4 mm2 and glued to a chip carrier
to connect it to measurement devices. The carrier has metallic contacts, and the gold
contacts on the chip have to be connected, or bonded, to them. This can either be done
manually or using a wire bonder.

When the bonding is done by hand, a very thin gold wire (diameter 25 µm) is glued with
silver paste to the gold pads (the ends of all electrodes, widened for this bonding step)
on the chip and to the ones on the case. This step requires very steady hands to be able
to put up to ten little drops of silver paste along a square of 2 mm edge length [110]. The
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FIGURE 2.11 – Flowchart of the fabrication process.

paste is placed with a wooden toothpick, instead of paintbrush, that will not scratch the
oxide and can be sharpened to a very small tip size. One wire is connected to the doped
silicon part of the chip carrying the 2D stack, in order to use it as a gate.

The wire bonder is a useful alternative to manual bonding. There are two main methods
to bond the wires to the pad, ball bonding and wedge bonding. The wire bonder used
during this project was a wedge bonder. The wire sticks to the pad using pressure and
ultrasonic excitation, which partially melts the metals by friction. One has to be careful
that the force used will not be so large as to break the oxide, which would short the
device to the silicon back-gate.

2.1.7 Example device

The main steps of the device fabrication are displayed in the flow chart in Figure 2.11 and
illustrated by pictures of an actual device in Figure 2.12. The individual steps, starting
from the raw material and ending with a fully working device are described in greater
detail in this section.

Figure 2.12 shows the different steps in the fabrication of a device. They correspond to :

(a) the stack with graphene, MoSe2 and VSe2 encapsulated in hBN has been realized
using the dry-peel transfer method.
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(a) (b)

(c) (d)

(e)
(f)

FIGURE 2.12 – Fabrication process from a stack to a device. The scale bars are 10 µm.

(b) Two layers of PMMA are spun on the chip. The bottom layer has a molecular
weight of 495k and the top one 950k. Alignment markers are written down around
the stack for aligning the latter designs. The pattern is transferred to the resist
layer using EBL and the exposed areas are developed in MIBK:IPA. Electrodes
and etch mask are then drawn aligned to the crystal using a drawing software such
as Layout-editor, or Inkscape. The layout is then exported to GDSII format. By
running proximity error correction (PEC), the design is broken into small parts
which are attributed different coefficients to modify the dose during EBL and take
into account the influence of the geometry on the exposure of the resist. The
pattern is written in an SEM adapted for lithography.
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(c) The contacts are etched to access the encapsulated materials and form edge con-
tacts to graphene and top contacts to VSe2.

(d) 60 nm of gold are evaporated with a sub-layer of Cr as adhesion layer, and the
mask is lifted off.

(e) A double layer of PMMA is then spun again, and the lithography for the etch mask
is transferred to the sample, which is subsequently etched.

(f) The device is then diced to a 4× 4 mm2 chip, ready to be bonded to a chip carrier
using silver paint and gold wire to a chip carrier. It can then be inserted into a
standard socket to perform electrical measurements.

2.2 Characterization methods

2.2.1 Optical microscopy

Optical microscopy is a reliable way of finding thin layers of material and used for
initial observation of a 2D material after exfoliation onto a substrate. In bright field
(BF) microscopy, white light is shone onto the substrate, and the reflected light forms
an image that can be observed with eyes or camera. This enables crystals to be located,
and can give some information about their dimensions and thickness. In dark field (DF)
microscopy, light hits the sample at an angle and only the light scattered toward the
camera by out-of-plane features, such as crystal edges, hits the detector. DF is very
sensitive to the topography of the material and is thus a very useful tool to distinguish
between mono, bi, tri or many layers.

Due to interference of light with SiO2, the color of a layered material on oxidized silicon
wafer changes noticeably with its number of layers [111]. In the case of graphene, the
single layer is very easily seen on 90 nm or 300 nm thickness of SiO2.The contrast then
increases in integer increments saturating for thicker crystals. For TMDs, the absorption
is linked to the bandgap and, in the case of MoSe2 for example, monolayers and bilayers
display quite different absorption while the contrast increases linearly above two layers.
The colors change also when increasing the thickness and it is not only possible to iden-
tify mono or bi layers, but to give an estimation of the thickness of an hBN crystal up to
around 100 nm. An experienced researcher, having seen and characterized by AFM (see
subsection 2.2.3 below) dozens of crystals, can tell the number of layers of the material
after a brief glance at the crystal [112].
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2.2.2 Raman spectroscopy

Raman spectroscopy is a measurement of the vibrational modes in the lattice, called
phonons. The sample is illuminated with monochromatic light and the reflected light
is then recorded with a spectrometer. The intensity of the signal is plotted against its
Raman shift given in cm−1. While Raman spectra can be complicated to understand,
the signatures for 2D materials are well known and the vibrational modes can be fully
predicted [113].

The main limitation to Raman spectroscopy is the low efficiency of the process. In order
to collect a good signal, long acquisition times, or high incident power should be used.
In the first case, practical issues come into play, such as defocusing and stage movement
for long exposure, while for the second case, the sample might get damaged due to
overheating.

2.2.3 Atomic force microscopy

FIGURE 2.13 – AFM microscope [114].

Atomic force microscopy (AFM) gives infor-
mation about the thickness, surface roughness,
chemical reactivity, adhesion and much more.
As shown in Figure 2.13, a very sharp tip is
brought in the close vicinity of the sample and
scanned across the surface. The deflection of
the tip is measured using a laser reflecting on
the back of the cantilever and hitting a photo-
diode, and a feedback system maintains a con-
stant tip-surface interaction force.

AFM is able to measure height variations down to 0.01 Å [115], as well as the mechanical
properties of the sample. The vertical resolution is extremely fine as it is measured by
the deflection of the laser on the back of the tip. The in plane resolution, on the other
hand, is limited by the sharpness of the tip. Some more complex versions of the set-up
enable one to measure magnetic properties or manipulate atoms on a surface [116] with
great resolution.

AFM is used to look at individual crystals, but more often, encapsulated crystals. It
is a good way to find the cleanest, most homogeneous areas of the stack to turn into
electronic devices using EBL (see subsection 2.1.3), evaporation (see subsection 2.1.4)
and etching (see subsection 2.1.5) steps.
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2.2.4 Electron microscopy

Scanning electron microscopy (SEM) is used to image samples by studying the deflec-
tion of a collimated beam of electrons. Electrons are emitted from a hot cathode, and
then accelerated by an electric field. Electromagnets and capacitors are used to colli-
mate them into a beam, focus it onto the sample, and divert it to scan the surface. The
electrons interact with the surface and produce secondary electrons, back-scattered elec-
trons, x-rays and cathodoluminescence. Each of these signals can be detected and give
different information about the material. As the beam is scanned over the surface, the
intensity of the signal varies and it is possible to image the sample. Electrons with en-
ergy in the kV range make possible to reach much better resolution than optical light,
on the order of nanometers, mostly limited by the abberation of electron optics. SEM
images are usually displayed in a grey scale, though artificial coloring can be used as
a guide to the eye. One drawback to SEM is the charging of the surface preventing the
imaging of non-conductive substrates with high resolution. These accumulate charges as
the electron gun illuminates on them which deflect the incoming electrons and can even
make the image to deform or jump around. A way around is to deposit a thin layer of
metal on the surface, but this is not always possible. Also, SEM contaminates samples
as the electrons attract chemicals from the chamber that then build up under the beam.
However, this issue is used as the basis to contamination spots used to focus the beam in
EBL.

Transmission electron microscopy (TEM) is also an imaging method based on the inter-
action of an electron beam with a substrate, but the detector is placed on the other side
of the sample. The samples studied need to be thin enough so that enough electrons can
cross it and be recorded by the detector. Thin layers of van der Waals crystals, or slices
of thicker materials are suspended on a TEM grid.

2.2.5 THz time domain spectroscopy

Terahertz (THz) time domain spectroscopy (TDS) is used to determine the properties of
the free charge carriers in a studied material [117]. It is a powerful method that is widely
used in safety for detection of explosives or drugs. THz-TDS is an non-destructive way
of studying a material.

The electromagnetic radiation pulse in the THz frequency range excites charge carriers
within an energy band. The carriers then relax, losing their energy to their surround-
ings. The absorption of the THz pulse can be translated to AC and DC conductivity.
The THz spot can be used to scan a device with high resolution, giving access to the
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conductivity values at a specific location of the device. This is different from standard
electrical measurements which give information about the average values across a de-
vice. The measurement itself is similar to a time resolved photoluminescence, but the
wavelengths used are much higher (1 THz≡300 000 nm) than the ones commonly used
in photoluminescence measurements (100 to 1000 nm) which lead to various issues.
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Chapter 3

Optical Properties of Indium Selenide

Two-dimensional semiconducting materials have triggered interest for light related ap-
plications. Unlike TMDs that have been widely studied and exihibit a bright exciton
around K, PTMCs have received less attention. PTMCs display bandgap values in the
visible and IR range and different band structures, with a main transition close to the Γ-
point (see Figure 1.14), unlike TMDs that display a bright exciton around K [80]. Their
unusual band structure can lead to interesting new physics and properties that still have
to be investigated.

3.1 Photoluminescence

The photoluminescence of InSe samples was measured at 4 K in a cryostat. It was gener-
ated by exciting the samples with a Fianium WhiteLase continuum laser with a spectral
width of ∼2 nm and that can be tuned from 0.6 to 3 eV . As illustrated in Figure 3.1, the
excitation laser light was coupled to an optical fiber and focused on the samples using a
50x objective compatible with cryogenic temperatures with numerical aperture of 0.82.
The emitted light was then collected through the same objective, filtered to remove the
reflected light of the laser and coupled to another optical fiber. The light was then spec-
trally separated by going through a grating and collected onto a liquid nitrogen cooled
CCD. The optical inset (which contains the sample, the objective and the xyz stage) used
with the cryostat is illustrated on Figure 3.2. The temperature of the cryostat is 4 K and
the sample inside the inset thermalizes due to the presence of helium exchange gas. The
temperature can be controlled using a heating element and thermocouple on the sample
holder and by reducing the pressure of helium in the inset. The cryostat also allows to
apply a vertical magnetic field up to ±12 T. The optical measurements taken with the
cryostat were done in collaboration with M. Koperski.

The measurements at room temperature were carried out in various commercial setups,
equipped with different lasers and sets of objective with magnifications ranging from 5x
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FIGURE 3.1 – Schematic diagram of the photoluminescence setup with the excitation
light path in green and the luminescence path in red. The photodiode and laser stabilizer,
in orange, are only used for photoluminescence measurements, and the excitation light
as well as the filter are removed for electroluminescence measurements.

to 100x. They are similar to the setup illustrated in Figure 3.1, though they are free beam
arrangements.

3.1.1 Layer dependence

The layer dependence of the photoluminescence of InSe has been previously reported
for room temperature [2, 89, 119], showing a shift toward higher energy values with
decreasing thickness. Indeed, in our experiments the position of the A exciton, displayed
in Figure 3.3(a), and indicated as a vertical arrow in the inset showing the band-structure
of bilayer InSe, shifts to higher energy values and its intensity decreases as the number of
layers of InSe decreases. The PL spectra have been normalized by the number of layers,
and the decrease that can be observed for six layers down can be attributed to the change
in the shape of the valence band making the transition less direct, and therefore less
efficient, in good agreement with [2]. The shape of the PL changes from a symmetrical
Gaussian for thin samples to an asymmetrical peak for the thicker crystals, which is
opposite to reported results for non-encapsulated InSe crystals [120]. Indeed, in the
case of non-encapsulated crystals, oxidation, happening from the outside of the crystal,
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FIGURE 3.2 – Schematic of the Attocube cryostat [118].
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(a)

T=300 K

(b)

T=300 K

FIGURE 3.3 – PL of (a) A exciton and (b) B exciton of N layers of encapsulated InSe
normalized by the number of layers. The insets show the band structure of N=2 InSe
with A and B transition indicated with vertical arrows. The measurements were done
at room temperature with 2.3 eV excitation and ∼1 mW incident power for the A ex-
citon and 2.7 eV excitation and ∼1 mW incident power for the B exciton. The intensi-
ties scales between (a) and (b) cannot be compared as the two measurements are done
in different setups with different excitation wavelength. The two measurements were
recorded on the same encapsulated InSe crystal.

reaches sooner a higher proportion of the volume in thin layers than in thicker ones,
leading to higher contribution of damaged InSe. Encapsulated samples are preserved
from oxidation and the PL of thin crystals have a symmetrical shape, while the thicker
crystals see the contribution from the next conduction bands increased as they get closer
and denser (see Figure 1.14), explaining the increase in asymmetry on the higher energy
side of the thick crystals.
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The B exciton also shifts with the number of layers as shown in Figure 3.3(b), in agree-
ment with DFT calculations [88]. The intensity of the PL decreases with decreasing
number of layers, but it increases when normalized to the number of layers. This in-
crease is likely due to the more indirect A transition that leads to a less efficient transition
from B to A (larger momentum mismatch) and therefore, an increase in the intensity of
B. The energy value of the B exciton shifts, though less than the A exciton, which is in
agreement with prediction from DFT [2]. The shape also changes from symmetrical to
asymmetrical with increasing number of layers, which can be explained, similarly to the
change of the A exciton, by the proximity of the next conduction band in thicker layers
opening new channels for transition.

3.1.2 Spatial homogeneity

The dielectric environment, the doping and the strain have been shown to have a large
impact on the position, full width half maximum (FWHM) and intensity of the lumines-
cence in 2D semiconductors [27, 119, 121, 122]. Across one encapsulated crystal all
these properties can vary, due to lattice defects that dope the crystal and to bubbles that
can strain the crystal up to 1.2 % [123] and provide extra doping. The energy of the PL
emission in InSe is affected by the strain in the crystal, the A peak has been shown to
shift by ∼100 meV per percent of strain independently of the number of layers and the
B exciton by ∼75 meV per percent of strain [119]. The fabrication methods currently
used in the field lead to a non-uniform of strain distribution that also causes variations in
the shape of the PL across a crystal [123].

In order to observe the effect of bubbles and contamination on the emission of InSe,
I recorded a map of the photoluminescence of the encapsulated InSe crystal shown in
Figure 3.4(a). The various thicknesses indicated on the optical picture are extracted
from the AFM topography map (see Figure 3.4(b)) of the crystal. The AFM map shows
that on some areas of the crystal, the bubbles have completely formed, while in the
center of the image, the contamination remains as a non-uniform but continuous film.
The stack was mapped and the energy value of the emission (Figure 3.4(c)), intensity
(Figure 3.4(d)) and full width half maximum (FWHM) (Figure 3.4(e)) extracted from a
Gaussian fit of the PL spectra is displayed for each position alongside the area under the
curve (Figure 3.4(f)). The fits are reliable with a median R2 value of 98.2 % across the
entire map. The color scales have been chosen to enhance features around the nine layer
part of the InSe crystal.

Mapping of the nine layers area demonstrates that areas where bubbles are formed differ
from the flat regions. Firstly, the energy value of the PL is shifted to higher value by
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(a) (b)

(c)

T=300 K

(d)

T=300 K

(e)

T=300 K

(f)

T=300 K

FIGURE 3.4 – (a) an optical image of an InSe crystal before encapsulation and (b) AFM
of the same crystal after hBN encapsulation, with, in red, an area of unformed bubbles.
Maps of the (c) position, (d) intensity and (e) full width half maximum of the PL peak
fitted to a Gaussian and (f) the area beneath the curve. The PL was recorded with an
excitation of 2.3 eV and a power of 1 mW.
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about 40 meV where the bubbles are, which corresponds to ∼0.5 % of additional tensile
strain with respect to the clean area [119], but doping caused by the charge transfer from
the contamination layer can also affect the energy of the PL. As many parameters impact
the magnitude and distribution of the strain, it is hard to conclude which contribution is
more significant. Secondly, the intensity is quenched by 30 % and the FWHM increases
from 140 meV to 180 meV, both of which can be caused by the organic species present
in the bubbles and providing new recombination channels or by local inhomogeneity in
strain and doping that vary on a smaller scale that the spot size. The individual bubbles
appear to have a similar effect on the luminescence of the crystal to the unsegregated
contamination. The impact of the bubbles is stronger on the intensity of the PL than on
the area under the curve, due to the broadening that happens alongside the decrease in
intensity on the regions of the stack that have bubbles.

3.1.3 Temperature dependence

All semiconducting materials display change in photoluminescence with temperature.
The causes of changes, among others, can be due to the expansion of the lattice, leading
to an effective decrease of the bandgap [3]. These generally lead to a linear dependence
of the bandgap at high temperature and a quadratic dependence (close to a plateau) at
very low temperature [124]. The intensity of the PL also depends on the temperature,
usually decreasing in direct bandgap materials with increasing temperature, due to the
increase of non-radiative processes (e.g. scattering on phonons), and increasing in indi-
rect bandgap materials, due to the increased phonon population that are required for the
transition [125].

Figure 3.5(a) is the temperature dependence of the photoluminescence of hBN encap-
sulated six layer InSe under a 2.3 eV excitation with a power of 1 mW. The PL was
recorded from a device as described in chapter 4, and to ensure the same location is mea-
sured at each temperature and reduce variations due to inhomogeneities across the stack,
the stage was aligned on the electroluminescence maximum before recording the pho-
toluminescence. The lines observed around 1.6 eV and 1.65 eV are seen primarily near
the metal electrodes used as contacts to generate electroluminescence and are caused by
scattering of the light on the gold. The integrated intensity (see Figure 3.5(b)) and the
the peak position (see Figure 3.5(c) obtained by single Gaussian fit) were extracted from
the spectra.

The peak position displays an initial decrease with temperature increasing up to ∼80 K,
which is in agreement with a decrease in the bandgap energy caused by lattice expan-
sion. Above∼80 K and up to room temperature, the energy of the peak increases, which
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(a)

(b)

(c)

FIGURE 3.5 – (a) Temperature dependence of 6L InSe PL and (b) the center of the
fitted Gaussian and (c) the integrated intensity. The excitation was 2.3 eV with a power
of 1 µW.
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can be linked to the shape of the valence band of InSe. Indeed, as the temperature in-
creases, thermally excited carriers in the valence band move closer to the Γ point, and
away from the Γ point in the conduction band, leading to a more direct transition with
a higher energy. The integrated intensity, starts by increasing sharply at low tempera-
ture before decreasing. An increase in intensity is usually characteristic of an increase
of phonon mediated indirect transition while a decrease is caused by the non-radiative
recombination of charges caused by scattering of phonons.

3.1.4 Power dependence

The power of the laser was set using a continuously variable neutral density filter wheel
and recorded with a powermeter before coupling to the optical fiber. The power on the
sample is ∼10 % of the power measured before the fiber. This value was obtained by
measuring the power before the fiber and at the sample location at room temperature. It
is an average value and the spot size is ∼1 µm in diameter.

The PL spectra on Figure 3.6(a) shows the change in shape of the emission with increas-
ing power of excitation. The graphs were offset for clarity and the intensity divided by
the excitation power in order for them to be observed on the same scale. The PL shape
changes with increasing power displaying three peaks at lower power. The higher energy
one increases faster with increasing power before the others catch up around 400 µW and
at 2000 µW, the fine structure stops being visible.

The position of the PL, displayed in Figure 3.6(b), is obtained by fitting a Gaussian to
the data. It moves toward higher energy value for low power excitation and reaches
a maximum around 200 µW before starting to moves toward lower energy values. The
shift toward lower energy values is in agreement with the temperature dependence below
80 K shown in Figure 3.5, indeed, as the power increases, the temperature of the sample
starts rising and, when the heating due to the incident beam is stronger than the heat
dissipation can handle, the temperature of the crystal increases, lowering the energy
value of the transition. Considering that above 200 µW, as the energy of the transition
decreases, heating is the main influence on the energy of the optical transition, the actual
temperature above 200 µW can be estimated to increase by ∼20 K. The measurements
done in this chapter and the following were done applying up to 1 mW before coupling
to the optical fiber, resulting in less than 200 µW on the sample, to avoid influence of
overheating.

The PL intensity integrated over the entire range and normalized to the incident power,
displayed in Figure 3.6(c), grows logarithmically with the power. The multiple peaks
of the luminescence indicates that there are various processes contributing to radiative
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(a)

T=4 K

(b)

(c)

FIGURE 3.6 – (a) PL of 5L InSe for varying power of 2.3 eV excitation and vertically
offset for clarity. The intensity has been normalized by the incident power. (b) PL
position and (c) integrated PL as function of excitation power from (a). The intensity
has been normalized by the incident power.
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emission, and it is sensible to assume the presence of non-radiative processes. As the
power increases, the radiative defect states within the bandgap and the non-radiative
states are expected to get saturated and stop contributing to luminescence, leading to a
slower increase of the PL intensity, while the filling of the bands increase which, due to
the "inverted Mexican hat" shape of the valence band, leads to a shift of the transition
closer to Γ where the minimum of the conduction band lies, associated with a higher PL
intensity thanks to the smaller momentum mismatch, in qualitative agreement with the
observation.

3.2 Optical absorption

The PLE measurements (see subsection 1.1.4) were performed using a supercontinuum
laser source, filtered by a grating monochromator to provide a tuneable excitation of
2 nm bandwidth from 0.6 to 3 eV. The sample was excited with a power of ∼100 µW

and a spot size of ∼2 µm radius. The power on the sample was kept constant using a
laser stabilizer and a photodiode, as indicated in Figure 3.1. For each excitation wave-
length, a PL spectrum was recorded. Each point in the PLE spectrum of the six layers
sample in Figure 3.7(a) corresponds to the intensity of the PL integrated between 1.435

and 1.445 eV. In each case, the PLE spectrum is displayed alongside the PL spectrum
showing that the position of the PL is at a lower energy value than the lowest excitonic
feature of the PLE.

The spectra in Figure 3.7(a) display an excitonic peak as the lowest energy feature, fol-
lowed by plateaus that are characteristic of 2D DoS (see Figure 1.2). The mismatch
between the PL and PLE spectra is called Stokes shift and has been explained, in semi-
conducting quantum wells, by a high density of defects of the material [126] and is an
estimation of the difference between the energy of the bound exciton (PL) and that of
the free exciton (PLE) [127]. In the case of InSe, the shift can be attributed to defect
in the lattice, or inhomogeneous dielectric environment caused by bubbles between the
InSe and hBN crystals.

The optical absorption obtained from the joint density-of-states (jDoS) [128] is estimated
from the calculation of the band structure of the crystal obtained by tight-binding cal-
culation by S. Magorrian [88] taking into account spin-orbit coupling (see Figure 1.14),
by adding contributions from all allowed transitions between the valence and conduction
bands weighted by the strength of the transition (square of the matrix element). It is an
estimation of the free-particle optical absorption, though excitonic effect can be added,
they complicate the calculation and still need to be implemented.
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(a)

T=4 K

N=6

N=2

PL PLE

(b)

N=6

N=2

FIGURE 3.7 – (a) PL and PLE spectra of 6L and 2L InSe. Taken at 4 K (b) The excitonic
part of PLE Spectra is fitted to a Gaussian function (grey) and subtracted from the PLE
(blue), in order to obtain the absorption related to the free particle (black). The optical
density of states calculated from the band-structure, without considering excitonic effect
(purple).
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(a) (b)

FIGURE 3.8 – The direction of the emission of light (black single arrows) for excitons
with a dipolar oscillation (black double arrow) (a) perpendicular and (b) parallel to the
plane of the 2D material. The first case is analogous to the A transition in InSe while
the latter illustrate the B transition in InSe and optical transitions in other 2D materials.

In order to obtain the contribution from the free particles to the PLE spectra, the low
energy excitonic peak is fitted to a Gaussian, shown on Figure 3.7(b) in dotted grey curve.
After subtracting the Gaussian peak from the PLE spectra, we recover the smoothed
step function that is characteristic of a 2D DoS. For the bilayer, the jDoS, shown in
Figure 3.7(b) in purple, displays two sharp increases around 2.10 eV and 2.13 eV that
reproduce the shape of the measured PLE with subtracted Gaussian (black dots). The
features above 2.6 eV are due to the B exciton and are not seen in PLE when following
the A exciton.

3.3 Effect of graphene proximity

Graphene is known to interact with emission of neighboring bright materials, such as
TMDs and colloidal quantum dots, by reducing their intensity [53, 129, 130], shifting
their energy [27] and broadening it [131], mainly due to energy transfer [130, 132] (non-
radiative dipole–dipole coupling).

In InSe, the A transition couples efficiently to out-of plane polarized light and weakly to
in-plane polarized light (absorption coefficient 0.3 % for incident in-plane circular po-
larized light of few-layer InSe [133]), which is a behavior only seen for the A transition
of PTMCs among 2D materials, while the B transition is strongly coupled to in-plane
polarized light (absorption coefficient∼9 % for incident in-plane circular polarized light
of few-layer InSe [133]), as illustrated in Figure 3.8. This difference in polarization is
expected to impact the intensity of the coupling to graphene by resonant energy transfer
which is strongly dependent on the dipoles orientation between the donor and the accep-
tor; the rate of the energy transfer scales with a factor that equals zero for perpendicular
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(a) (b)

(c)

T=300 K

(d)

T=300 K

(e)

T=300 K

(f)

T=300 K

FIGURE 3.9 – (a) Optical image of an encapsulated InSe crystal and (b) AFM micro-
graph of the same stack. Maps of the (c) position, (d) intensity and (e) FWHM extracted
from the Gaussian fit of the peak and (f) integrated intensity of the peak. The PL was
recorded with an excitation of 2.3 eV and 1 mW. The purple area indicate the graphene
crystal.
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dipolar orientation in the donor and acceptor [134]. The electric field of graphene mostly
couples to in-plane polarized light, therefore, it is expected to impact the B transition
strongly and only weakly the A transition.

In order to test this, I fabricated a sample that displays an overlap between InSe and
graphene. The stack shown on Figure 3.9(a) was fabricated using the PPC/PDMS trans-
fer method (see subsection 2.1.2) and the graphene is visible on the AFM micrograph
Figure 3.9(b) where it is highlighted in dashed purple lines. The various thickness of
InSe as well as the graphene layer are visible in the map of the energy of the PL in
Figure 3.9(c), indeed, the various InSe layers emit at a different energy values, and the
graphene layer, in the area that is not covering the InSe, shifts the background coming
from beneath. Among the maps Figure 3.9(d)-(f) only the FWHM displays a slight in-
crease on the area covered by graphene, which can indicate a decrease of the life-time
of the carriers in the InSe. The lack of effect of the graphene crystal on the lumines-
cence of the A transition is a good indication of the out-of-plane dipolar character of this
transition. In this sample, due to contamination by polymers and hydrocarbons, the B
exciton could not be resolved and the visualization impact of graphene on the B exciton
has to be postponed long enough for a new sample to be produced. Though, assuming
the quenching is mediated by resonant energy transfer, the B exciton is expected to be
quenched by the proximity with graphene.

3.4 In-plane photoluminescence

Graphene gives an insight into the polarization of the dipole of the primary transitions in
InSe (see section 3.3), but in order to confirm these observations, the in-plane propagat-
ing luminescence of the InSe should be studied, as it allows to compared in-plane and
out-of-plane polarized light in one configuration. Dark transitions can appear bright in
in-plane propagating light, as previously demonstrated in TMDs [13]. In InSe, two extra
peaks were observed in the luminescence of a fold in a stack [135], but such configu-
ration doesn’t allow for discrimination between strain-related shifts and in-plane propa-
gating light.

In order to measure the PL polarized out-of plane, the encapsulated InSe crystals were
covered with a thin conductive layer (evaporated chromium 1.5 nm and gold 10 nm) and
a thick platinum layer was deposited on the area of the lamella to protect it (see Fig-
ure 3.10(a)). The area around the lamella was milled using 30 kV Ga+ and a current of
1 nA beam using the focused ion beam (see Figure 3.10(b)). Before milling the last edge,
one side of the lamella was welded to a micromanipulator. The slice was then released
and rotated so that the cut side faces up and welded to a TEM grid ( see Figure 3.10(c))
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(a) (b)

(c) (d)

FIGURE 3.10 – (a) The original 2D hetero-structure with the area of interest, between
the crosses, covered by a thick layer of platinum that was deposited in situ, (b) the
sides are subsequently milled to define the lamella. (c) Side view during transfer of the
lamella using a micromanipulator (left) to the TEM grid (right) and (d) top view of a
lamella after being bonded to the TEM grid.

and released from the micromanipulator (seeFigure 3.10(d)). In order to remove any im-
purities, the surface is then polished with a Ga+ beam of 30 kV then 5 kV. The resulting
lamellae were about 1 µm× 20 µm× 5 µm in size.

In order to look at the contribution of the in-plane and out-of plane luminescence. The
sample, a lamella made of an encapsulated nine layer crystal of InSe, was then measured
in PL setups at room and cryogenic temperature. In Figure 3.11, the polarization of the
detected light was varied before coupling to the optical fiber while incident beam was
not polarized Figure 3.11(a) shows the spectra recorded for parallel and perpendicular
polarizations and Figure 3.11(b) shows the variation of the integrated intensity of the
PL for varying polarization. The minimum of the integrated intensity does not reach
zero as there is a small background, as shown in Figure 3.11(a) where the 90° polarized
curve maintain some background (from the encapsulating materials) increasing with en-
ergy. The variation of the integrated PL intensity indicates that the light is polarized
preferentially perpendicular to the InSe (0° and 180°).

The luminescence of the A peak of InSe is strongly polarized perpendicular to the plane
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(a)

T=4 K

(b)

FIGURE 3.11 – (a) PL spectrum for two perpendicular polarizations of the detection
under 2.4 eV excitation and 0.4 mW power. 0° corresponds to light polarized perpen-
dicularly to the plane of the InSe crystal. (b) Integrated intensity of the PL spectra as
function of the polarization of the luminescence (blue circles) for no specific incident
polarization and sinusoidal fit (black line).
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T=4 K

FIGURE 3.12 – Integrated intensity of the PL for varying polarization of the excitation
for any polarization of the detection under 2.4 eV excitation and 0.4 mW power. 0°
corresponds to light polarized perpendicularly to the plane of the InSe crystal.

of the InSe crystal, but it depends only weakly on the polarization of the excitation, as
shown in Figure 3.12 by the limited decrease of the integrated intensity when varying
the polarization from perpendicular (0°) to the InSe crystal to in-plane (90°). The small
dependence on the polarization is caused by the many sub-bands in the valence and con-
duction band contributing to the absorption, as each of them has a different preferential
orientation.
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Chapter 4

Light Emitting Diodes made of Indium
Selenide

Semiconducting materials with a bandgap spanning from near infra-red to visible are
particularly attractive for devices such as light emitting diodes (LED), lasers or photode-
tectors [38].

4.1 Fabrication process

The InSe LEDs are based on van der Waals heterostructures of InSe, hBN and graphene
stacked as illustrated in Figure 4.1. The stack is made using the dry-peel transfer method
described in chapter 2. It is composed of at least six aligned layers exfoliated on various
substrates. Graphene is chosen as a electrode as it provides low contact resistance [136]
as well as high transparency [137], which is important to maximize the device efficiency;
indeed only 2.3 % of light emitted by the active layer is absorbed by the graphene.

The fabrication of the stack was separated in three parts that were sequentially assembled
in order to optimize the fabrication process.

1. The bottom part was built outside of the glovebox onto exfoliated hBN crystal sup-
ported on a 90 nm SiO2 over Si substrate. Both graphene and hBN were exfoliated
on a PMMA/PVA bilayer spun onto silicon. Still out of the glovebox, the bot-
tom graphene was released on top of the substrate hBN crystal and subsequently
covered by a bottom thin hBN crystal (2-5 layers).

2. In the glovebox, InSe is exfoliated onto PPC spun onto oxidized silicon. It is then
picked using a thin hBN crystal on a PMMA membrane. The hBN/InSe was then
transferred on to the previously prepared substrate.

3. The stack is finished by transferring a monolayer of graphene from a PMMA mem-
brane onto the stack. This process has to be done carefully in order to ensure that
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FIGURE 4.1 – Schematic of an LED and band diagrams of a vertical LED.

ID layers (N) PL EL
A4 G hBN (2) InSe (4) hBN (5) G hBN 800 nm 1.55 eV 780 nm 1.6 eV
B6 G hBN (2) InSe (6) hBN (2) G hBN 820 nm 1.51 eV 790 nm 1.57 eV
C2 G hBN (4) InSe (2) hBN (5) G hBN 652 nm 1.9 eV 630 nm 1.97 eV
C4 G hBN (4) InSe (4) hBN (5) G hBN 821 nm 1.51 eV 855 nm 1.45 eV
C5 G hBN (4) InSe (5) hBN (5) G hBN 843 nm 1.47 eV 953 nm 1.3 eV

TABLE 4.1 – Light emitted diodes fabricated during this project. The layers appear
from left to right as they do from top to bottom in the stack.

the two graphene crystals are not in direct contact. The graphene electrodes were
finally contacted with Cr/Au contacts defined by EBL.

The top hBN, that was used in the devices fabricated by F. Withers [38], can be ignored
for a simplified fabrication and enhanced optical efficiency as hBN absorbs some light.
The efficient area of the LED is defined by the overlap of the bottom graphene, the
semiconducting material and top graphene crystal.

4.2 Fabricated samples

Various LED were prepared by the method described above, and it was even possible to
make more than one LED on a single InSe crystal. The fabricated samples are summa-
rized in Table 4.1. The first column assigns them a label in order to be able to identify
them along the chapter, it contains a letter that is unique to a stack and a number that
correspond to the number of layers of InSe. Their structure is indicated from left to right
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FIGURE 4.2 – An SEM picture of LED A4. Graphene crystals are outlined in blue,
hBN in green and InSe in purple.

as they appear from top to bottom with the number of layers in parentheses. In the fol-
lowing columns, the position of the PL and EL peaks at 4 K are indicated in nanometers
and electron Volts.

Figure 4.2 is an SEM image of sample A4 where the different crystals appear to have
very different contrast. As a guide to the eye, the crystals have been outline in blue
for graphene, green for hBN and purple for InSe. The emitting, i.e. "active", area is
where all the crystals overlap. The optical picture and AFM topography of device B6 is
presented in Figure 4.3(a) and Figure 4.3(b). The InSe active layer is clearly visible as
its height is 5.6 nm, which corresponds to six structural layers.

C2, C4 and C5, shown in Figure 4.4, were realized in one device, with a terraced InSe
crystal which allows us to compare the results only varying the InSe thickness keeping
everything else identical. The bottom electrode is common to all the LEDs, and the
three independent top electrodes are used to selectively bias the emitted light at various
energies. This was achieved by cutting the top graphene layer into three separate pieces.
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(a) (b)

FIGURE 4.3 – LED B6. (a) Optical, (b) AFM topography image with InSe outlined in
purple and graphene in black.

FIGURE 4.4 – Optical picture of LED C2, C4 and C5 after putting down the metal
electrodes, and before etching the top graphene.
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4.3 Electrical characterization

I have carried out, the electrical characterization of the LEDs in order to understand their
electronic structure and gain insight into the origins of electroluminescence.

First, the alignment of the band structures of the various materials in a device should be
estimated by calculating the ionization (work function) energy of each semiconducting
(metallic) material, which is the energy required to remove an electron from the valence
band maximum (Fermi level) and bring it to the vacuum surrounding it. This is displayed
in Figure 4.5(a) for various materials and various thicknesses, and was obtained from
calculations done within the local density approximation (without spin-orbit coupling).
Using these results, the band structure of each of the materials can be aligned, as shown
in Figure 4.5(b)-(d) for a 2, 4 and 5 layers of InSe in an LED structure.

Despite the fact that this alignment is assuming the absence of chemical doping, it can
be used to qualitatively understand the behavior of the current when bias is applied to
the structure. Indeed, there is a good reason to believe that calculations in Figure 4.5 are
accurate. The proximity of the InSe conduction band edge to the Dirac point of graphene
have been previously observed experimentally [136], where graphene was used as n-type
contacts to few-layer InSe with small Schottky-type barrier. In this work we have used
InSe ingots from the same supplier, so it is relevant to assume that the results are in good
agreement with the experiments.

At very low bias, the Fermi level of the graphene is in the bandgap of the InSe, and
the charges have to tunnel through the entire structure (hBN / InSe / hBN) to reach
the other electrode, leading to a low value of the current. As the bias increases, and
due to the proximity of the conduction band to the chemical potential in one of the
graphene layers, electrons start filling the conduction band leading to a strong increase
in current as the electrons only tunnel through two thin hBN barriers. As the bias is
further increased, the chemical potential of the other graphene layer matches the edge
of the valence band in the InSe crystal, as a result the current increases, and radiative
electron hole recombination occurs. It is the threshold for electroluminescence.

The I-V curves of C2, C4 and C5 are shown in Figure 4.6. It is interesting to com-
pare these devices as they are made of the same stack, limiting possible variations in
graphene, hBN or InSe due to differences in fabrication or variations of properties of the
exfoliated materials. The bias is applied to the top graphene electrode, using a Keithley
2614B sourcemeter, corresponding to the side with 4 layers of hBN while the bottom
graphene electrode is set to the ground. The current is normalized per unit area in order
to compare different devices.
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(a)

(b)
G hBN 2InSe hBN G

(c)
G hBN 4InSe hBN G

(d)
G hBN 5InSe hBN G

FIGURE 4.5 – (a) Ionization energy estimated for various hBN and InSe and work func-
tion of graphene. Calculations by V. Zólyomi. Approximate alignment of the band
structure of (b) 2L, (c) 4L and (d) 5L of InSe LED at U=0 V based on (a) with electrons
indicated in blue and holes in red.
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T=4 K

FIGURE 4.6 – I-V curve of C2, C4 and C5 and tunneling curve through hBN [68].

The curves display a sub-exponential increase that is characteristic for tunneling in hBN.
For comparison, the tunneling curves through 1, 2, 3 and 4 layers of hBN from [68] are
added in black for reference. On both signs of the bias, the I-V curves of C4 and C5
display some sharp changes in slope at various biases. This is not present in C2 that
displays a higher current at low bias but slows down faster than C4 and C5. Interestingly,
C4 and C5 display a lower current the the 4L hBN which is in agreement with the
structure of the device (G / 5hBN / InSe / 4hBN / G) but C2 displays a current higher than
four layers of hBN. The magnitude of the current is higher than that for nine layers of
hBN; indeed, unlike G / hBN / G structures, G / hBN / InSe tunneling rate is proportional
to the InSe density of states which is higher than of graphene near the band edge. This
is especially true for thinner crystals for which the “Mexican hat” provides extra states.

In order to confirm that the electron density in InSe is present on the outer side of the
crystal, we have computed the wave-function distribution normal to the basal plane Fig-
ure 4.7. The wave-function distribution maintain a large intensity in the outer planes of
the InSe crystal for all thicknesses used in the LED devices.

In Figure 4.8(c), Figure 4.8(b) and Figure 4.8(a) the current density of C5, C4 and C2 are
plotted against the bias (orange) alongside its numerical first derivative dI/dV (blue).
The curve in C2 smoothly increases with a feature around −0.5 V (local minimum of
conductance) that can correspond to the crossing of the Dirac point of one graphene
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(a) N=2 (b) N=3

(c) N=4 (d) N=5

FIGURE 4.7 – Wave-function distribution for the valence and conduction band for N
layers of InSe by S. Magorrian.

layer; indeed, unlike the ideal situation presented in Figure 4.5, the two graphene crys-
tals can have different doping as one is encapsulated with hBN on both side while the
other one is only supported by hBN. The electroluminescence start around ±3 V, which
correspond to the bias at which the states in the valence band open, but no characteristic
feature can be seen in the I-V curve or its derivative other than the large increase in noise.

The structure of the I-V curve of C4, shown in Figure 4.8(b), is very different from
that of C2. The main features are enhancement in the derivative of the I-V curve where
sharp increase appear at various biases. As the bias is increased from zero, the first
contribution to the density of sates in InSe comes from the conduction band, leading
to a sharp increase (step) in the conductance, which could correspond to the feature at
±0.5 V. The onset of the electroluminescence happens around ±3 V, which correspond
to the presence of states in both the valence and the conduction band, and is expected
to happen when the valence band opens. This should lead to a strong increase in the
conductance as the holes start contributing to the current that is observed at −3 V. Two
extra steps are observed between−0.5 V and−3 V, which can correspond to the opening
of sub-bands in the conduction band, as they are getting more numerous and closer to
each others with increasing number of layers. This is in agreement with the measurement
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of C5, in which three steps can be observed between the onset of the conduction band
and that of the valence band for negative biases.

4.4 Electroluminescence

The LEDs we fabricated are emitting at various energies that can be tuned by changing
the thickness of the active materials, in contrast to the traditional method of doping the
active material in order to tune the gap.

The LEDs are activated by increasing the bias between the graphene layers until the
conduction band starts filling with electrons and the valence band with holes (see Fig-
ure 4.9). At zero and very low bias (Figure 4.9(a)), the charges are tunneling through the
entire stack. At intermediate bias (Figure 4.9(b)), the InSe becomes conducting for elec-
trons and the tunneling is reduces to two thin hBN barriers. At high bias (Figure 4.9(c)),
the InSe becomes conducting for hole and electrons, EL becomes possible, as there is
population inversion in InSe (required by EL) and electrons in the conduction band can
recombine with holes in the valence band. The energy of the emitted photons is limited
between the bias voltage and the size of the gap.

The following map of the PL intensity (Figure 4.10(a)) around 1.53 eV under 2.3 eV

excitation and the EL intensity (Figure 4.10(b)) map recorded at a bias of 1.9 V leading
to a 4.78 µA current recorded around 1.57 eV. The PL map has the same shape as the
entire InSe crystal as any area of the crystal illuminated by the incident beam contributes
to the luminescence. However, the EL map is more symmetrical as it originates from a
smaller area where the two graphene crystals overlap letting current flow through the
stack with minimal resistance. The PL maps recorded on the LED structure only focus
on A exciton, as the B exciton could not be observed. This can be justified by the
proximity of graphene to the InSe, down to ∼0.6 nm between the graphene and InSe
crystals, which justifies the quenching of the luminescence of the B exciton, as explained
in section 3.4.

Figure 4.11(a) shows the emission for a few devices. The intensities can not be compared
as they were recorded at various currents and bias and for devices that have different
hBN thicknesses. It can be interesting to note that devices made of the same thickness
of InSe (See C4 and A4 in Figure 4.11(a)) have different emission energies based on the
thickness of the hBN tunneling barriers and on the applied bias, as Stark effect. This
can be caused by a different impact of the Stark effect due the the different thickness of
hBN. Devices C2, C4 and C5 were made on a common bottom electrode which allowed
them to be turned on at the same time
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(a) C2

T=4 K

(b) C4

T=4 K

(c) C5

T=4 K

FIGURE 4.8 – Graph of the I-V curve (orange) and its derivative (blue) dI/dV of (c) C5,
(b) C4 and (a) C2.
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(a) (b) (c)

FIGURE 4.9 – (a)-(c) Band diagrams from zero bias to high bias, with electrons in blue
and holes in red. Electron tunneling and relaxing are indicated with blue arrows and
holes with red, while the radiative recombination process is shown in green.

(a)

T=4 K

(b)

T=4 K

FIGURE 4.10 – B6. (a) PL map under 2.3 eV excitation with ∼1 µW and (b) EL Map
at −1.9 V.
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(a)

T=4 K

(b) (c)

T=4 K

FIGURE 4.11 – (a) EL spectra of the devices at various biases and currents and (c)
Map of the EL of C2, C4 and C5 being operated at 3.7 V simultaneously. The colors
are assigned to the intensity around 1.35 eV (5L) blue, 1.50 eV (4L) green and 1.98 eV
(2L) red.
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4.4.1 Temperature dependence

The temperature dependence of LED based on TMDs has been previously reported,
showing opposite trends for different materials that were attributed to variations in the
spin-orbit coupling [138].

Figure 4.12(a) shows the temperature dependence from 4 K to 320 K of the electrolu-
minescence of B6 at −1.9 V, with the current in white. The luminescence is fitted to
a Gaussian from which the intensity and peak position are extracted. The position of
the luminescence, displayed in Figure 4.12(c), shifts to lower energy as the tempera-
ture increases, similarly to the behavior of the photoluminescence at low temperature
(see Figure 3.5), but without change of trend at higher temperature. The intensity de-
creases with increasing temperature (see Figure 4.12(b)), which cannot be attributed to
a decrease in the value of the current as it is increasing with temperature. The increase
in current alongside the decrease in EL intensity indicates an increase of non-radiative
recombination processes.

4.4.2 Bias dependence

Figure 4.13 shows PL (inside the red dashed lines) and EL (outside of the red dashed
lines) spectra of C2, C4 and C5 for varying bias (no optical excitation was used when
EL was recorded). The PL spectra were recorded with a 2.1 eV excitation and a power
of 1 µW. The white curves indicate the density of current flowing through the device and
the yellow dots are a quadratic curve shown as a guide to the eye. One can see that the
position of EL is not matching the position of zero-bias PL for the same crystal, which
can be explained by Stark effect, indeed, with applied transverse electric field the bands
shift quadratically (see subsection 1.1.7). The small disparity between the value of the
current on the EL and PL part of the image are due to the contribution from the photo-
current that shifts the current to higher values when the laser is shining on the device.
EL threshold for positive and negative biases is not symmetric, which is likely due to the
structure of the device, that has four layers of hBN on the top side and five on the bottom
one, leading to a smaller contribution of the bottom electrode.

Due to the electric field, the intensity of the PL decreases as the charges within the ex-
citon become more spatially separated , occupying different layers within InSe, which
decreases wave-function overlap. Above a threshold bias and for both signs of the elec-
tric field, EL appears. The position of the EL, when it appears, follows the position of
the PL if we extrapolate it to the same bias. This shows that PL and EL originate from
the same transition in the band structure.
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(a)

(b) (c)

FIGURE 4.12 – (a) Temperature dependence of electroluminescence in B6 at 1.9 V with
the current indicated in white circles, (b) the position of the EL peak extracted from a
Gaussian fit of the spectra and (c) the integrated intensity.
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(a) N=2 (C2)

T=4 K

(b) N=4 (C4)

T=4 K

(c) N=5 (C5)

T=4 K

FIGURE 4.13 – The graphics show the PL under 2.1 eV excitation and 1 µW(between
the red dashed lines) and EL (outside of the red dashed lines) under bias of devices made
of N layers of InSe. The white dots indicate the current density. The yellow dots are
quadratic dependence over the bias given as a guide to the eyes.
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FIGURE 4.14 – Integrated EL as function of the current extracted from the measure-
ments presented in Figure 4.13. The absolute value of the current enables to compare
the negative (−) and positive (+) of each device.

In addition, In C4 and C5, there is a defect level at 1.5 eV that is weakly affected by the
transverse electric field. In C5, the defect state overlap with the A exciton peak at zero
bias. Under transverse electric field, the luminescence shifts to lower energy and can be
clearly distinguished from the defect state that remains weakly affected, showing a large
spread of emission energies, likely due to defects in the InSe lattice. The Stark effect im-
pacts the energy of the luminescence as ∼− 0.02 eV/V2 for 5L and ∼− 0.014 eV/V2

for 4L, showing a decrease with thickness that is expected due to the increase in confine-
ment, limiting spatial polarization of excitons as compared to a bulk crystals.

In order to comment on the the influence of current, the integrated intensity of the EL
curves from Figure 4.13(c) and Figure 4.13(b) is plotted against the current in Fig-
ure 4.14. For low values of the current, the intensity increases monotonically with the
current, and after some threshold, the EL saturates. This corresponds to the limit above
which the currents starts being unstable and increases with time at a fixed bias. This
instability indicates that the device is about to breakdown and measurements were not
carried at higher currents.
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Chapter 5

Terahertz characterization of
two-dimensional materials

Terahertz (THz) time domain spectroscopy (TDS) [139] has proven extremely useful
in assessing the electrical properties of materials [140]. It is based on the interaction
of electromagnetic waves in the 1–100 THz frequency range (5–500 meV) with charge
carriers in a sample. As opposed to usual time resolved absorption measurements with
visible light, THz waves activate both interband (as in usual photo-induced processes but
for very close bands ∼10 meV transitions), and intraband transitions, which give infor-
mation about the behavior of free charge carriers [141]. Though at room temperature,
the interband transition is negligible as the energy of the THz is smaller than the thermal
energy and the intraband transition will mostly contribute [142].

THz-TDS would be an extremely beneficial tool for initial characterization of 2D ma-
terials, a family that comprise and ever growing number of crystals all with different
properties, as finding the right growth process, material combination and quality to ob-
tain working devices can be time consuming. Though it is extremely useful as a mea-
surement method for metallic and semimetallic (graphene) materials, THz-TDS cannot
be used to probe undoped semiconducting materials that do not have free charge carri-
ers unless they are doped either chemically, electrostatically or excited otherwise [143].
Electrostatic control of the charge concentration is the simplest way to control the charge
density in the material, but the samples need to be electrically contacted and gated, how-
ever, doped silicon wafers generally used for as back-gating, as well as metallic top-
gates, will absorb enough of the THz radiation to prevent measurements in transmission
mode.

The far-field TDS measurements were recorded with the Picometrix by A. Shivayogi-
math and P. Whelan, who also transferred the CVD graphene onto the gateable sub-
strates. The measurements on the TDS near-field setups were done by D. Madhi. The
MoS2 measurements were recorded by D. Madhi and C. Maissen in nanoGUNE (San
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FIGURE 5.1 – THz signal measured with the tip-enhanced THz. measured with 50 µm
tip resolution.

Sebastian, Spain) using a neaSNOM system. The wafer fabrication is based on work
initiated by Jonas D. Buron during his PhD thesis at DTU Fotonik. The layer deposition
was optimized with the help of Chantal Silvestre and the etching process with the help
of Jonas Michael-Lindhard. I fabricated the gateable wafers and the devices based on
exfoliated crystals, and designed the project with the goal of measuring the conductivity
of semiconducting 2D materials with THz-TDS.

5.1 Terahertz time domain spectroscopy

In a transmission THz TDS measurement, a short THz pulse is sent through the sample
and measured after passage of the pulse through the sample, it is compared to the trans-
mission through the substrate as illustrated in Figure 5.1 for the pulse going through
oxidized silicon and few layer graphene (FLG) over oxidized silicon. The AC conduc-
tivity as function of the frequency can be extracted from the attenuation of the THz pulse
by the free carriers [144].

As it passes through the thin graphite sample, part of the pulse (black in Figure 5.1)
is absorbed, resulting in the red curve in Figure 5.1. The conductivity as function of
the frequency is extracted from the transmission, and the values of the conductivity are
averaged over the range 0.8 to 1 THz.
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The frequency dependent conductivity extracted from the transmission (T ) of the signal,
is defined as the ratio of the signal intensity through the sample, Esam, and the signal
through the substrate, Eref .

T̃ (ω) =
Ẽsam(ω)

Ẽref (ω)
, (5.1)

Ẽ is a function of the refractive index of the substrate ñ(ω), and the sheet conductance
of the thin film σ̃s(ω) and Z0 =377 Ω can be written as

T̃film(ω) =
1 + ñ(ω)

1 + ñ(ω) + Z0σ̃s(ω)
(5.2)

The frequency dependent sheet conductivity can be extracted from the transmission and
it is given by

σ̃s(ω) =
1

Z0

ñ(ω) + 1

T̃film(ω)
− (ñ(ω) + 1) (5.3)

With this, it is possible to extract the AC conductivity of the material without contacting
it. This can be used to select the areas to use for device fabrication or for quality control
of large area graphene production lines.

In order to do transmission THz-TDS measurements, the samples need to be supported
on substrates that are transparent in the THz range. Quartz and high resistivity silicon
wafers are preferred over doped silicon wafers, even though it is still possible to see a
signal through lightly doped wafers. These substrates allow for transmission THz-TDS
measurements, but in order to access the properties of semiconducting materials, these
need to be doped. In order to do so, the substrate need to be adapted.

5.2 Setups

5.2.1 Far-field

The far-field transmission measurements are done using the T-ray 4000 from Picometrix
that allows for TDS experiments. This far-field time spectroscopy fiber-coupled system,
based on InGaAs photoconductive switches, generates and detects the ultrashort THz
pulses required for time resolved measurements (see Figure 5.2(a)). This setup is com-
bined with a motorized stage, allowing to scan a sample with a spatial resolution given by
THz wavelength as limited by the Abbe diffraction limit, d = λ

2NA
, where NA = 0.801

[147] is the numerical aperture (e.g. for 1 THz, d =0.3 mm).
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(a) (b)

(c)

FIGURE 5.2 – (a) Sketch of a transmission THz-TDS set-up [145] and (b) A near-field
setup [146].

5.2.2 Near-field

As many morphological and physical properties have characteristic lengths smaller than
0.3 mm, there is need for an improvement of the spatial resolution. One way of doing
this is to employ near-field transmission measurements, coupling the THz signal to a fine
tip equipped with micro-antennas(see Figure 5.2(b)). In this situation, the resolution is
not limited by the Abbe diffraction limit, but by the diameter of the tip, as the area in the
vicinity of the tip contributes to the majority of the signal.

The setup that produced the measurements presented in this chapter uses a bias-free
Terahertz emitter and a photoconductive field detector [148] to record TDS information
of the samples. The system is able to detect the near-field THz radiation with a high
lateral resolution, on some materials down to 3 µm [149, 150].

5.2.3 Scanning near-field microscopy

In order to reach the high resolution required to image, in the THz range, mechanically
exfoliated crystals and local variations across the crystals, another method is available
that is not based on TDS, and therefore allows the measurements to be done at a single
given frequency. The scattering-type scanning near-field optical microscopy (s-SNOM)
enables the measurement of the reflection of an electromagnetic beam shone on a sample
while an AFM tip is brought in the near vicinity of the chosen location. The sharp tip
locally enhances the THz field. As the enhancement only depends on the shape of the
tip, the resolution of the setup is wavelength independent, reaching resolutions down to
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to 40 nm in the THz range [151]. The detection is made at a fixed frequency of 2.52 THz

(119 µm or 10 meV) to analyze with a Schottky diode (WR-0.4ZBD, Virgina Diodes Inc.
USA), working at room temperature.

In s-SNOM measurements, the intensity of the reflection of the THz signal r contains the
information about the in-plane conductivity σ of a thin film with conductivity supported
between a medium 1 with a dielectric constant ε1, and a medium 2 with a dielectric
constant ε2 (e.g. medium 1 is air and medium 2 is SiO2 for mechanically exfoliated
crystals) (see supplementary information of [152] for more details):

r =
ε2k1z − ε1k2z +

4πσ

ω
k1zk2z

ε2k1z + ε1k2z +
4πσ

ω
k1zk2z

, (5.4)

where k1z and k2z are the out-of-plane wave-vectors in medium 1 and 2 and are given
by k1z =

√
ε1(ω/c)2 − q2 (Im[k1z] > 0 and Re[k1z] > 0) where q and ω are the in-

plane photon momentum vector and angular frequency of light. When developed, this
expression leads to a monotonic dependence of the intensity of the reflected signal on
the conductivity of the thin film.

5.3 Spatial resolution of the setups

With a view to measure crystals that have lateral dimensions of a few microns, the dif-
ferent setups available for TDS have to be assessed.

In order to observe the different resolution between the far field and near-field setups, we
transferred some CVD grown graphene onto THz substrates and mapped them with each
setup. The optical image of the chip (Figure 5.3(a)) is shown alongside the map done
with the far field setup (Figure 5.3(b)), the green square indicates the area of the zoomed
image shown in Figure 5.3(c), and corresponding to the map made with the near-field
setup (Figure 5.3(d)). The far field setup cannot show features smaller than a few hun-
dreds of micrometers (see Figure 5.3(b)) whereas the near-field setup equipped with a
3 µm tip can show features down to∼10 µm (see Figure 5.3(d)), and it becomes possible
to resolve the shape of the tears in the graphene layers and the variation in absorption
across the layer. Such resolution is approaching the requirement for mechanically exfo-
liated crystals.

In order to confirm the resolution requirements, we measured mechanically exfoliated
crystals of graphene with the available tips of the near field setup. An optical image of
a graphene crystals (Figure 5.4(a) and Figure 5.4(c)) and the map of the THz Intensity
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(a) (b)

(c) (d)

FIGURE 5.3 – (a) An optical image of CVD graphene transferred onto a wafer as
the ones described in subsection 5.6.4. (b) A THz map made with Picometrix of the
entire chip. The green rectangle correspond to the area seen in Figure 5.3(c) and where
Figure 5.3(d) was measured with the 3 µm resolution tip of the tip enhanced near field
setup.
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(a) (b)

(c) (d)

FIGURE 5.4 – (a) An exfoliated graphene crystal (scale bar: 100 µm) and (b) the inten-
sity of the transmitted THz pulse recorded in the near-field setup with 50 µm tip. (c) A
graphene crystal on SiO2 with the number of layers indicated on some areas (scale bar:
100 µm), (d) the intensity of the electric field at 0.5 THz and its sheet resistance map
made in the near-field setup with 3 µm tip.
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around 0.5 THz normalized to the background intensity, are shown on Figure 5.4(b) and
Figure 5.4(d) where the data was obtained in the near-field setup with, respectively, a
50 µm and a 3 µm tip. In both cases, the shape of the crystal can be recognized, but
the resolution does not allow for distinguishing the fine features such as atomic steps
and small crystals. Though the finer tip shows a improvement in the resolution, it does
not reach the requirements to image exfoliated crystals, despite the expected resolution
(3 µm), images of graphene couldn’t reach higher resolution than ∼10 µm. This justifies
the need for a technique with a higher spatial resolution.

5.4 Measuring semiconducting 2D materials

Undoped semiconducting materials are expected to have a very low absorption in the
terahertz range, as the energy of THz photons is far below the energy gap required for
excitation, chemical and electrostatic doping would provide charges that have the poten-
tial of being observed. Among 2D materials, the highest quality thin films are produced
by mechanical exfoliation of bulk crystals, which should therefore be used as a refer-
ence when estimating the properties of grown mono- and few-layers, however, reports
of TMDs measurements have only been carried out on CVD grown materials [153, 154]
and without doping control, leaving various uncertainties to be addressed. These studies
would benefit from a thorough THz-TDS characterization of mechanically exfoliated,
hBN encapsulated TMDs with an electrostatic gate to control the doping level. Such
measurements require both a system with a high spatial resolution and TDS capabilities.

In order to understand the system we work with, the first measurement was focused
on mechanically exfoliated crystals of MoS2 on SiO2 measured in the s-SNOM at a
fixed frequency of 2.52 THz. The optical image of the crystal, in Figure 5.5(a) with
indicated thicknesses of relevant areas, is an illustration of the spatial resolution required
for imaging of exfoliated TMDs [155, 156] that are fragile and seldom appear in large
areas on oxide. The AFM micrograph is shown on Figure 5.5(b) alongside the intensity
of the reflected signal normalized to the highest intensity Figure 5.5(c). The shape of the
MoS2 is clearly visible in the reflected signal, indicated a high conductivity of the crystal
compared to the SiO2, which is in agreement with previously reported n-type doping of
MoS2 mechanically exfoliated onto SiO2 [157, 158].

This initial measurement is very promising, and we expect to be able to measure en-
capsulated MoS2 as function of the electrostatic doping in the SNOM setup with TDS
capability that is currently being installed at DTU on a device that was fabricated with
thin top hBN crystal and graphene/bilayer graphene crystal contacts to a monolayer crys-
tal of MoS2.



5.5. Mechanically exfoliated graphene: gate dependence 89

(a)

(b) (c)

FIGURE 5.5 – (a) Crystal used for characterization of MoS2. (b) Topological AFM map
of a small area containing a mono-, bi- and trilayer. (c) Reflection of the 2.52 THz
signal using the s-SNOM and normalized by the highest intensity.

5.5 Mechanically exfoliated graphene: gate dependence

The absorption of graphene at 2.52 THz was recorded as function of the gate voltage
on a structure of graphene supported on hBN with gold contacts. The amplitude of the
reflected THz signal for varying gate voltage in Figure 5.6 shows a minimum at 9 V

corresponding to the Dirac point and where graphene cannot be distinguished from the
substrate. The increase in absorption with varying gate voltage is in agreement with ex-
pectations; indeed, as the Fermi level moves away from the Dirac point, the conductivity
increases alongside the density of states. The doping level of the graphene is expected
to be lower at zero bias in fully encapsulated graphene, and this is a good illustration
that THz measurements of the conductivity of the material need to be taken with great
care as the magnitude of the doping impacts greatly the conductivity and CVD grown
graphene layers can have very different level of chemical doping.

These initial results are promising, and I am looking forward to the TDS measurements
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FIGURE 5.6 – SNOM measurement. Absorption maps of the THz field at 2.52 THz.
The gate bias is varied between −10 V and 9 V. The intensity has been normalized by
the maximum of the reflected signal.

of the remaining areas of this device that displays some fully encapsulated graphene as
well as bilayer graphene and monolayer MoS2.

5.6 THz substrates - Fabrication process

In order to measure the THz conductivity of 2D materials at different carrier densities,
I fabricated wafers that allow the application a gate, while letting THz radiation to go
through.

5.6.1 Substrate

Doped silicon ingots, usually displaying resistivities around 1-20 Ω cm, are grown using
the Czochralski method, which has been giving great results for decades for micro and
nanotechnology applications. The low resistivity is achieved by additions of B, Sb or As
atoms to the molten silicon from which the ingot is grown. Due to the residual doping
remaining after standard growth process, this process does not give access to the high
resistivity required for THz measurements, as the higher limit for the resistivity is on the
order of 103 Ω cm. This range of resistivity can be enough for measurements of some
materials in the THz range, but some intensity is lost in the substrate, which decreases
the signal-to-noise ratio.

High resistivity (HR) silicon is grown using the float-zone growth method to attain re-
sistivity higher than 104 Ω cm. During this process, a poly-crystalline ingot is molten
locally using an RF coil. The molten area flows and recrystallize in a perfect lattice,
leaving the impurities in the molten area. After slicing the ingot into wafers, these need
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to be double-side polished as any remaining roughness scatters the THz radiation and
leads to the loss of the signal.

5.6.2 Gate

In order to enable gating on otherwise highly resistive silicon, a thin conductive layer of
boron doped poly-silicon (p-Si) is grown. The doping provides a high carrier density, and
its small thickness combined with the numerous grain boundaries limits the conductivity
of the layer, leading to a low absorption of the THz signal. At the same time, it has
sufficient amount of carriers to ensure a well-defined electrical field and control the
carrier density in the 2D material. The thickness is measured on silicon dioxide on a test
wafer using an ellipsometer. A layer thickness of 50 nm is thin enough to let a sufficient
fraction of the THz pulse through. A thicker layer (105 nm) was found to absorb the
signal entirely.

In order to limit the amount of absorption of the THz pulse, the p-Si layer is etched away
on one face of the wafer with an inductively coupled plasma (ICP). The etching is done
using gaseous SF6 with a low ICP power. At low power, the etching is dominated by the
reaction Si + 4 F −−→ SiF4 [159]. The amount of fluorine is monitored using an optical
endpoint detection system (OES) detector, such as the Verity SD1024 Spectrometer used
in Danchip. The OES records the spectrum of the light emitted by the plasma during the
etch. The spectrum displays features that depend on the chemicals present in the chamber
and their concentration.

The Figure 5.7(a) shows the OEP spectra recorded at various times of the etch process:
before the plasma ignites (1), right after ignition (2), during the silicon etch (3) and at the
end of the silicon etch (4). Fluorine is used to etch silicon as SF6 in combination with
argon forming SiF, SiF2 and SiO and it is therefore interesting to follow the intensity
of the strongest of the spectral lines related to this elements. The lines related to each
chemical are indicated as vertical lines to help identifying the various peaks.

The Figure 5.7(b) shows the evolution of the fluorine signal around 704 nm as function of
time. The signal at this wavelength is related to excited fluorine gas. Before the plasma
ignites, there is no emission and therefore no signal (1). All curves then show a strong
increase in signal (2) until the plasma stabilizes and the intensity of the signal becomes
constant (3). The dark purple curve is measured during the etch of a wafer composed
of p-Si/SiO2/Si. As SiO2 is an etch mask for SF6, the etch stops once the p-Si layer has
been fully etched which leads to an increase of the signal due to the fluorine not reacting
with the silicon. The blue, green and yellow curves are measured on p-Si/Si where the
p-Si has the same thickness as the reference. The signal shows a similar trend when
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reaching the end of the p-Si layers (4) and then returns to the baseline value, indicating
the etching of silicon. There is a sharp peak in the signal when the p-Si has been fully
etched and the Si is about to start being etched due to the native oxide of the silicon
wafer.

5.6.3 Dielectric

There are two things to optimize in order to get a substrate that can be used for measure-
ments, the breakdown voltage and the adhesion of graphene. Three materials that were
available in DANCHIP cleanroom, have been tested.

Thermally grown Silicon dioxide

Thermally grown SiO2 on silicon wafers is a common substrate in industry, and has be-
come a standard when making devices with 2D materials. The quality of silicon dioxide
grown this way is extremely high and leads to high breakdown voltage and displays very
low roughness. The layer is grown at high temperature by diffusion of oxygen (dry oxi-
dation) through the silicon lattice at a rate following the Deal-Grove formula [160, 161].
The p-Si layer is partially consumed in the process (SiO2:Si is 2.7:1) and this needs to
be taken into account when depositing the gate layer. The breakdown voltage is around
9.5 MV cm−1.

TEOS

Tetraethyl orthosilicate, or TEOS, is a precursor used to grow CVD SiO2. By paronymy,
the oxide layer grown by CVD using TEOS is also called TEOS. This process enables to
grow SiO2 on arbitrary substrates, as opposed to thermally grown oxide which requires
a silicon substrates. The breakdown voltage is usually around 5 MV cm−1.

Silicon nitride

Silicon nitride Si3N4 is a good dielectric, both for low pressure chemical vapor deposi-
tion (LPCVD) and plasma-enhanced chemical vapor deposition (PECVD) grown layers
with breakdown voltages around 10 MV/cm [162]. LPCVD nitride is preferred as it has
a higher homogeneity across the wafer.
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(a)

(b)

1 2 3 4

FIGURE 5.7 – (a) Optical endpoint spectrum recorded at various phases of the etching
process, indicated by numbers that correspond to the numbers in (b). (b) Intensity of the
signal around 704 nm for four different wafers.
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5.6.4 Choice of wafer for processing

The layers of all the fabricated wafers are indicated on Table 5.1. The layers are indicated
from left to right as they appear from top to bottom on the wafer. All of the processes
beginning with a plain HR-Si wafer onto which poly-silicon is grown. The dielectric
layers were then grown or deposited in various ways in Danchip. The key points to
consider in this case are the breakdown voltages of the layer and the adhesion of 2D
materials to the surface.

Wafer Exfoliation RMS Ra
D Th SiO2 Si High yield 0.88 nm 0.74 nm
A Th SiO2 p-Si HR-Si Nothing 4.86 nm 3.92 nm
H Th SiO2 p-Si(BHF) HR-Si Nothing 7.31 nm 5.20 nm
F TEOS Th SiO2 p-Si HR-Si Nothing 3.23 nm 3.76 nm
E PECVD Si3N4 p-Si HR-Si Low yield 2.67 nm 2.08 nm
B TEOS PECVD Si3N4 p-Si HR-Si High yield 2.28 nm 1.77 nm
C LPCVD Si3N4 p-Si HR-Si Low yield 1.88 nm 1.36 nm
G TEOS LPCVD Si3N4 p-Si HR-Si High yield 1.02 nm 0.82 nm

TABLE 5.1 – Fabricated wafers.

In order to have a higher breakdown voltage, LPCVD Si3N4 and thermally grown oxide
should be preferred over PECVD Si3N4 or TEOS. This requirement leaves wafers A, H,
F, C and G remaining as possible substrates.

Adhesion of 2D materials turned out to be a critical parameters as the first produced
wafers would not allow exfoliation of 2D materials. The adhesion of graphene can be
linked to the roughness of the wafers, as graphene seem to stick better to low roughness
wafers combined with an oxide layer. The values Ra and RMS are two ways of estimat-
ing the roughness and are defined in Equation 5.5 and Equation 5.6. The wafers were
scanned with AFM, and the Ra and RMS values are extracted from the resulting images,
some of them are shown on Figure 5.8. The values are reported in Table 5.1 in the last
two columns.

Ra =
1

L

∫ L

0

|Z(x)|dx (5.5)

RMS =

[
1

L

∫ L

0

|Z(x)|2dx
]1/2

(5.6)

Adhesion of exfoliated material was tested using graphene. The results are indicated in
the same table. The substrates were etched with a low oxygen plasma during 5-10 min

before exfoliating graphene onto it using adhesive tape. This requirement leaves wafers
wafers B and G as possible substrates.
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FIGURE 5.8 – Wafers from left to right and top to bottom : D A H G. The green box
indicates wafer that were suited for exfoliation and the red boxes the ones that were not.

After these tests, wafer G was selected. It has the following composition: TEOS(184 nm)
/ LPCVD Si3N4(70 nm) / p-Si(50 nm) / HR-Si. The thicknesses of the layers have been
optimized to provide a high breakdown voltage of the dielectric, as well as good op-
tical contrast to be able to find thin layers of 2D materials. The wafer could sustain
50 V across the dielectric. The fabrication process, as approved for use in DANCHIP
cleanroom, can be found in section 5.6, with illustrations of the wafer structure.
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Chapter 6

Conclusions

The work presented in this thesis is focused on the optical studies of new semiconduct-
ing materials and their possible applications. First, I have introduced basic physical
phenomena relevant to my work and reviewed the current state of knowledge about op-
tics in 2D materials. Several key materials have been discussed, including graphene,
hBN and MoS2, especially focusing on indium selenide, a semiconducting material with
a bandgap strongly depending on the number of layers and a valence band shaped as an
inverted Mexican hat.

As progress in this field is often limited by device quality, a lot of attention has been dedi-
cated to nanofabrication routines dealing with the preservation of high crystalline quality
of InSe, such as hBN encapsulation. These fabrication techniques allowed us to access
novel optical properties, such as the absorption spectra, via PLE measurements, that
showed a strong excitonic features followed by an absorption continuum caused by the
sub-bands of the valence band. We have observed the strong out-of-plane polarization
of the lowest energy transition in InSe, a property, present in PTMCs but non-existent in
other families of 2D materials, that could lead to useful applications, such as using InSe
to interface with waveguides.

The knowledge about InSe and fabrication of complex van der Waals stacks was used
to create light emitting diodes with various thicknesses of InSe, resulting in emission
lines spread over a broad range of energies. The ability to change luminescence energy
by varying the thickness of the material is a novel and interesting way of tuning colors
in an LED only available in 2D materials. To understand the origins of electrolumines-
cence, we have performed tunneling spectroscopy, revealing the various sub-bands of
the conduction band. In addition, the devices were used to investigate Stark effect in 2D
materials.

To further investigate the electronic properties of 2D materials, I fabricated devices
that enable THz-TDS, a method that is only sensitive to free charge carriers to be per-
formed. This resulted in to the fabrication of samples, compatible with both reflection
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and transmission THz setups, where charge density can be tuned electrostatically. To
prove the idea, I have presented SNOM experiments where the variation in conductivity
of a graphene crystal can be seen with varying doping level. As a next step, I plan to
expand this activity measuring semiconducting materials.
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Appendix A

Approved fabrication process

The following document is approved for used in DANCHIP cleanroom.



Process flow title Revision 

TEOS/Si3N4 over poly-Si substrates for 2D material back-
gating 

1.2 

 

Contact email Contact person Contact phone 

johzul@nanotech.dtu.dk   Johanna Zultak 
42747323 

 
Labmanager group Batch name Date of creation Date of revision 

Nanocarbon  THZ gate wafer 18-Jan-17 29-Jan-18 

 

Not confidential File name: TEOS_Si3N4_ poly-Si substrates for 2D material back-gating.docx Page 1 of 2 

 

Objective 

THz gate wafer 
Fabrication of substrates to be used for gated THz measurements on 2D materials.  The wafers are composed of TEOS/Si3N4/poly-Si/Si 
and are used for exfoliation of 2 dimensional materials. These are then contacted using e-beam lithography. 
 

 
Step Heading Equipment Procedure Comments 

1 Preparation  

1.1 Wafer 
selection 

Johanna’s 
shelf 

New wafer, 4” Silicon, 525 µm, double-side polished, high 
resistivity, <100> 

 

1.2 RCA Clean RCA Clean   

2 Poly Silicon deposition  

2.1 Poly-Si 
deposition 

Furnace: 
LPCVD Poly-Si 
(4") B4 

Recipe: POLYBOR 
time:5 min 53s @8.5nm/min 
Target thickness: ~50nm 

 
2.2 Inspection Filmtek Check poly silicon thickness on test wafer with oxide  

2.3 Etch wafer 
backside 

III/V ICP polySi-etch, time ca. 8s (PWR500/10) 
Test the etch time on QC wafer before etching  
Use OEP to determine etch rate  

2.4 Inspection Optical 
microscope 

Check the poly Si etch in the optical microscope/on the QC 
wafer 

 

3 Silicon Nitride deposition  

3.1 Si3N4 
deposition 

LPCVD3 Recipe: nitride4 
time: 19min44s @3.5nm/min 
Target thickness: 68nm   

3.2 Inspection Filmtek Check oxide Thickness  

4 TEOS deposition  

4.1 TEOS Furnace: TEOS 
(4”) B3 

Recipe: jz_SiN 
time: 22min15s @6.8 nm/min 
Target thickness: 184nm 
 

 

 

4.2 Inspection Filmtek Check oxide Thickness  

5 Index marks  

5.1 Spin resist Spin Coater : 
Gamma UV 

2421-DCH 100mm nLOF 2020 2um HMDS 
+ Clean recipe 

 

5.2 Exposure KS-Aligner Hard contact. Mask: Tibo 
Exposure time: 13 sec, Power 7.0mW/cm

2
 (Dose 

91mJ/cm
2
) 

 

5.3 Develop TMAH UV- 3001 DCH 100mm PEB60s@110C SP60s  



Process flow title Rev. Date of revision Contact email 

TEOS/Si3N4 over poly-Si substrates for 2D 
material back-gating 

1.2 29-Jan-187 johzul@nanotech.dtu.dk 

 

Not confidential File name: TEOS_Si3N4_ poly-Si substrates for 2D material back-gating.docx Page 2 of 2 

 

lithography 

5.4 Metal dep. Physimeca / 
Alcatel / 
Wordentec 

Metal: Cr/Au (5/30 nm)   

5.5 Lift-off Lift-off bath REM 1165 + sonication - 10 min  

5.6 Dicing Fumehood 05 
special 
Purpose 

Cut into 2x2 chips  

6 2D material exfoliation  

6.1 2D material 
exfoliation 

Fumehood 05 
special 
Purpose 

Exfoliating 2Dmaterial (ex. Graphene,…) onto chip  

6.2 Inspection Optical 
microscope 

Find suitable flakes  

7 E-beam Lithography  

7.1 Spin resist Spin Coater: 
Manual 
Standard 
resist 

996kA4% PMMA, 1300 rpm, acc 500 rpm, 1 min 
 

 

7.2 Exposure SEM-LEO Mask dependent  
 

7.3 Develop Fumehood 10 
E-beam 
development 

H2O/IPA (1/3) 1 min, IPA, N2 dry  

7.4 Inspection Optical 
microscope 

Check development  

7.5 Metal dep. Physimeca / 
Alcatel / 
Wordentec 

Metal: Cr/Pd/Au (2/5/30 nm)   

7.6 Lift-off Fumehood 3 - 
Solvents 

In a beaker – Acetone(controlled T), IPA(rinse), N2(dry)  
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