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Abstract
The emergence of quantum photonics has ignited a large amount of interest in single-
photon sources (SPS). These sources are required in many quantum technology
applications, such as various quantum computing protocols and quantum key
distribution (QKD). Recently, SPSs have been realized in two-dimensional (2D)
transition metal dichalcogenides (TMDC). The characteristic crystal structure
of these materials enables unique electronic and optical properties, which are
beneficial in SPS applications. However, the SPSs in these materials are usually
randomly located as they originate from crystalline defects, which complicates
further investigation. Nevertheless, it has been recently discovered that by applying
strain, one can induce SPSs in these materials, which allows spatial localization of
the sources.
This thesis demonstrates the possibility of achieving single-photon emission of
strained 2D TMDCs. In order to create SPSs, mechanically exfoliated tungsten
diselenide (WSe2) and molybdenum ditelluride (MoTe2) samples were transferred
on top of the array causing them to be strained at the pillar locations. The samples
were then characterized by measuring their photoluminescence (PL) spectra and
time-resolved PL decay at low temperature. The results indicate that single-photon
emission was acquired from the WSe2 sample around the pillar area. However,
no such emission was noticed with the MoTe2 sample. This might be due to its
relatively large thickness. Additionally, the sample might have reacted with oxygen
and water in the air, due to its instability. Both of these factors reduce the PL
yield of the material, and thus further experiments are required to fully confirm
the possibility of obtaining single-photon emission from MoTe2. The results for
the WSe2 sample show that it is possible to fabricate spatially localized SPSs
by applying strain. This allows a more extensive further investigation involving
concepts such as spin–valley coupling and integrated quantum photonics.

Keywords single-photon emission, transition metal dichalcogenide, tungsten
diselenide, molybdenum ditelluride, nanopillar
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Tiivistelmä
Kvanttifotoniikan kasvu tutkimsualana on laajasti lisännyt yksifotonilähteiden
(SPS) tutkimusta. Näitä lähteitä tarvitaan monissa kvanttitekniikan sovelluksissa,
kuten eräissä kvanttilaskennan protokollissa ja kvanttisalauksessa (QKD). Hiljat-
tain SPS:iä on löydetty kaksiulotteisista (2D) transitiometalli dikalgoneeneistä
(TMDC), joiden erityiset elektroniset ja optiset ominaisuudet ovat hyödyllisiä SPS-
sovellutuksissa. Tosin siksi, että SPS:t näissä materiaaleissa perustuvat yleensä
hilavirheisiin, ne ovat sijoittuneet satunnaisesti, mikä vaikeuttaa niiden tuktimusta
ja käyttöä. On kuitenkin todettu, että SPS:iä voidaan luoda näissä materiaaleissa
mekaanisen jännityksen avulla.
Tässä diplomityössä määritetään mahdollisuutta saada yksifotoniemissiota jän-
nitetyistä 2D TMDC:istä. Mekaanisesti exfolioidut volframi diselenidi (WSe2) ja
molybdeeni ditelluridi (MoTe2) näytteet siirrettiin nanopilareiden päälle, mikä luo
lokalisoituneita jännitepisteitä näytteissä. Materiaalit karakterisoitiin mittaamalla
niiden fotoluminesenssispektri (PL) ja aikaerotteinen PL:n vaimeneminen. Mit-
taustulokset viittaavat siihen, että yksifotoniemissiota saatiin WSe2 näytteestä
pilarin läheisyydessä. MoTe2 näytteestä ei kuitenkaan SPS:iä löytynyt. Syynä tä-
hän saattaa olla se, että näyte koostui useammasta atomikerroksesta. Se on myös
saattanut reagoida ilmassa olevien aineiden kanssa epävakaisuutensa vuoksi. Mo-
lemmat heikentävät MoTe2:n PL:ää, joten lisätutkimuksia tarvitaan materiaalin
yksifotoniemission toteamiseksi. Tuloksista voidaan kuitenkin todeta, että SPS:iä
pystytään paikallisesti luomaan 2D WSe2 materiaalissa, mikä helpottaa niiden
jatkotutkimusta.

Avainsanat yksifotoniemissio, siirtymämetalli dikalkogeeni, tungsten diselenidi,
molybdeeni ditelluridi, nanopilari
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Symbols and abbreviations

Symbols
d displacement
E energy
e the elementary charge ≈ 1.602 × 10−19 C
E electric field
g(1) the first order correlation function
g(2) the second order correlation function
h the Planck constant ≈ 6.626 × 10−34 m2kg/s
k wave vector
me the mass of an electron ≈ 9.109 × 10−31 kg
P polarization
R resolution
r a position vector
t time
ϵ0 the vacuum permittivity ≈ 8.854 × 10−12 F/m
λ wavelength
λB de Broglie wavelength
µ reduced mass
ν frequency
τ delay
τc the coherence time of a light source
τtc time constant
φ phase
χ optical susceptibility
ω angular frequency

Quantum mechanical states and operators
|0⟩ a vacuum state
|n⟩ a Fock state
|α⟩ a coherent state
â a bosonic annihilation operator
â† a bosonic creation operator
Ê the electric field operator of a quantized electromagnetic field
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Chemical formulae and substances
CHF3 trifluoromethane
hBN hexagonal boron nitride
Mo molybdenum
MoSe2 molybdenum diselenide
MoTe2 molybdenum ditelluride
MoO3 molybdenum trioxide
S sulfur
Se selenium
Si silicon
SiO2 silicon dioxide
Te tellurium
W tungsten
WSe2 tungsten diselenide
APS ammonium persulfate
IPA isopropyl alcohol
MIBK methyl isobutyl ketone
PDMS polydimethysiloxane
PMMA poly(methyl methacrylate)

Abbreviations
2D two-dimensional
AFM atomic force microscope
ALD atomic layer deposition
BS beam splitter
CVD chemical vapor deposition
DFT density functional theory
EBL electron beam lithography
EDS energy dispersive spectroscopy
EM electromagnetic
FWHM full width at half maximum
LED light emitting diode
PL photoluminescence
PVD physical vapor deposition
RF radio frequency
RIE reactive ion etching
QKD quantum key distribution
SEM scanning electron microscope
SOC spin–orbit coupling
SPAD single-photon avalance photodiode
SPD single-photon detector
SPM scanning probe microscopy
SPS single-photon source
TMDC transition metal dichalcogenide



1 Introduction
Over the last few decades, there has been a growing interest in the field of quantum
information and communication, which has sparked the research of single-photon
sources (SPS) [1–4]. The SPS emits one photon at a time. Such a device is required
in many quantum computing protocols and quantum cryptography applications, such
as quantum key distribution (QKD) [5, 6].

Usually faint laser pulses are used as an SPS [7]. However, even if the mean
photon number of these pulses is set to several magnitudes smaller than unity, there
are pulses containing more than one photon due to the Poissonian statistics of the
laser light. Moreover, the majority of the pulses are empty. These two drawbacks
limit the SPS applications of the faint laser method. True SPSs have been discovered
in color centers in diamonds [8], in quantum dots [9] and, recently, in two-dimensional
(2D) layered materials. 2D materials such as hexagonal boron nitride (hBN) and
semiconducting transition metal dichalcogenides (TMDC) have been noticed to
emit single photons [4, 10–14]. Because of their unique structures, the 2D layered
materials display significant electronic and optical properties [15–18]. Additionally,
it is straightforward to integrate them to optical waveguides and cavities [19–21].

Furthermore, semiconducting TMDCs have arisen as a promising platform for a
number of applications due to their exquisite optical and electronic properties, such
as spin–valley coupling [22] and strong optical non-linearity [23]. In their bulk form,
they have an indirect energy band gap, but when their thickness is reduced to single
layer, the band gap becomes direct [18,24,25]. Semiconducting material with a direct
bandgap usually has good light emitting properties, because no phonons are required
in band transitions.

Tungsten diselenide (WSe2) is a TMDC whose single-photon emission properties
are well established during the recent years. Its band gaps in bulk and monolayer
form are 1.2 eV and 1.65 eV, respectively [25,26]. SPSs in WSe2 come from localized
excitons bound by defects, such as atom vacancy or interstitial and they emit in
the spectral range of 740–780 nm [10–14]. However, the defects, and thus the
SPSs, are usually randomly located in the material hindering practical applications.
Nevertheless, it has been discovered that by applying strain, one can induce SPSs in
the material [27–29]. This enables spatial localization of the SPSs as one can use
nanostructures to create stress points on the material.

At the moment, SPSs discovered in 2D materials emit light only in the visible
spectrum. In order to fully harness the technology, it is highly required that they
would operate in the telecom frequency range (1.3–1.5 µm) where the optical fiber has
the lowest loss. Molybdenum ditelluride (MoTe2) is a TMDC, but its single-photon
emission capabilities have remained undiscovered. Monolayer MoTe2 has an optical
bandgap of 1.1 eV, which corresponds to the energy of a photon with a wavelength
of 1.13 µm [30,31]. As the localized excitons usually emit photons with an energy of
100–200 meV below the optical bandgap, potential SPSs in MoTe2 might operate in
the telecom range.

This thesis determines the possibility to achieve single-photon emission from
strained 2D WSe2 and MoTe2. The strain is applied using an array of silica (SiO2)
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nanopillars. Mechanically exfoliated WSe2 and MoTe2 flakes are deposited on top of
the array causing them to become strained at the location of a pillar. Therefore, this
method also evaluates the possibility to create spatially localized SPSs. To investigate
single-photon emitting properties of these materials, their photoluminescence (PL)
spectra are measured at low temperature (7 K). Furthermore, the effect of the pump
power intensity on the spectra is measured. In addition to the PL, time-resolved PL
measurements are conducted at low temperature to characterize the SPSs found from
these materials. The 2D TMDC samples are characterized using Raman spectroscopy
and atomic force microscopy (AFM).

This thesis focuses on achieving single-photon emission from the strained 2D
materials and verifying it. The central wavelength, dependence on the pump laser
intensity and PL decay of these sources are investigated. The detailed effects of the
strain on the SPSs are not considered.

This thesis is structured as follows. Chapter 2 presents the atomic and electrical
properties of the investigated 2D materials and the key elements regarding single
photon emission. Chapter 3 describes the fabrication process of the pillars and the
2D material samples. Additionally, the used fabrication and characterization tools
are presented in this chapter. The results and discussion are shown in Chapter 4,
and Chapter 5 presents the summary of the thesis and future work.
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2 Background
To justify the choice of fabrication and characterization methods used to investigate
the single-photon emission capabilities of atomically thin WSe2 and MoTe2, the
crystal and electronic structure of these materials are discussed in this chapter. In
addition, the fundamentals of the quantum photonics are introduced in order to
understand the phenomenon behind single-photon emission.

The chapter is organized as follows. Section 2.1 describes the crystal and electronic
structure of TMDCs as they have a strong influence on the optical properties. In
addition, the concept of excitons is presented as it turns out that they are in the
key role in single-photon emission. The fundamentals of quantum optics and latest
advancements in the field of 2D SPSs are discussed in Section 2.2.

2.1 Transition metal dichalcogenides
This section provides information about the crystal and electronic structure of
semiconducting TMDCs. As will be seen, these cause the materials to have unique
optical and electronic properties such as a direct band gap and a strong spin–valley
coupling. In addition, the lattice vibration modes of these materials are reviewed
in order to understand the results of Raman spectroscopy, which can be used to
characterize the materials. In the end of the section, the excitons and their influence
on single-photon emission are explained.

2.1.1 Crystal structure

Transition metal dichalcogenides (TMDCs) are semiconducting layered compounds
which have a chemical formula of MX2, where M is a transition metal atom (such as
molybdenum (Mo) or tungsten (W)), and X is a chalgogen atom (such as sulfur (S)
selenium (Se) or tellurium (Te)). The TMDCs studied in this thesis are tungsten
diselenide (WSe2) and molybdenum ditelluride (MoTe2).

The crystal structure of a monolayer TMDC consists of three planes of atoms.
A plane of metal atoms is located between two planes of chalcogen atoms. The M
and X atoms are typically bound to each other in octahedral order or in trigonal
prismatic order, which is shown in Figure 1a. The bonds within a single layer MX2
are strong covalent bonds organized to ensure no dangling bonds on the surface of the
material stabilizing the material against chemical reactions with the substance in the
environment. The lack of dangling bonds causes individual layers to be bonded only
through weak van der Waals force [32]. This can be seen in Figure 1b, which shows
bilayer structure of MX2. The individual layer has a thickness of 6–8 Å [17,33,34].
These types of materials consisting of atomically thin layers weakly bonded to one
another are often referred as 2D layered materials or van der Waals crystals. In
addition to TMDCs, they include graphene and hexagonal boron nitride (h-BN). In
fact, the top view of a monolayer TMDC, which is shown in Figure 1c, resembles the
hexagonal lattice structure of both of those materials.

TMDCs typically have three common structural polymorphs: 1T, 2H and 3R [36].
The number indicates the number of layers in an unit cell and the letter denotes the
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(a)

(b)

(c)

Figure 1: (a) The simple cubic cell of 2H -MX2. It consists of two atomic layers. Gray and
red balls correspond to the transition metal and red chalcogen atoms, respectively. (b) The
bilayer structure of a TMDC. (c) The top view of a monolayer TMDC. It can be seen that
the structure has similar hexagonal lattice structure to graphene. The figures are drawn
using VESTA software [35].

symmetry: T for tetragonal, H for hexagonal and R for rhombohedral symmetry. In
the 1T polymorph, the atomic coordination is octahedral, where as in the 2H and
3R polymorphs, it is trigonal. Both the WSe2 and MoTe2 investigated in this thesis
have 2H polymorph.

TMDC with 2H polymorph, which is referred to henceforth as 2H -MX2, belongs
to a space group P63/mmc and point group D4

6h [36]. Its unit cell, which determines
the structure of the crystal lattice, is depicted in Figure 1a. 2H -MX2 has a hexagonal
first Brillouin zone, which defines the primitive cell in a reciprocal lattice. The
hexagonal first Brillouin zone is depicted in Figure 2, which also shows the high
symmetry points. These points include Γ, located in the center of the first Brillouin
zone, and K, located in the middle of the edge joining two rectangular faces. These
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two high symmetry points are important as regards electronic properties of 2H -MX2
as can be seen in the following section.

Γ
M K

H
L

A

Figure 2: The first Brillouin zone of a hexagonal lattice structure. The high symmetry
points are marked with red dots and usual calculation paths are marked with red dashed
lines. Adapted from [37].

For few-layer 2H -MX2, the number of layers affect the crystal structure. If there
are odd number of layers, the material belongs to the space group P 6̄m2 and point
group D1

3h. Unlike D4
6h, the point group of bulk 2H -MX2, D1

3h has no inversion
symmetry. In monolayer MX2, there are only three atoms in the unit cell compared
to the six of 2H-MX2. Therefore, it is often labeled as 1H polymorph. Even layer
numbered MX2 has a point group D1

3d and similar to bulk 2H-MX2, it has inversion
symmetry [38]. The inversion symmetry affects the non-linear properties of the
material [39], and its absence induces additional degree of freedom as seen in the
following section.

2.1.2 Electronic structure

As mentioned earlier, the bulk and multi-layer TMDCs have an indirect bandgap,
but when there is only one layer, the bandgap becomes direct. This can be seen in
Figure 3, which shows the band diagrams of WSe2 (Figure 3a) and MoTe2 (Figure
3b) with different numbers of layers [25]. These diagrams are calculated using density
functional theory (DFT) [18], and the results have been confirmed experimentally [30].
It can be seen for both materials, that in the bulk form, the energy maximum of the
valence band is located at the Γ high symmetry point and the energy minimum of the
conduction band is located at between the Γ and K points. Because the minimum
and maximum are at different points in reciprocal lattice, i.e., they have different
momenta, electron transfers between the bands require phonons. This reduces the
efficiency of the transfers, hindering the light emitting properties. When the thickness
of the materials is reduced towards single-layer, the valence band maximum at Γ
decreases while the conduction band minimum between K and Γ points increases.
On the other hand, the local valence band maximum and conduction band minimum
at K are not affected by the thickness reduction. When there is only a single layer,
both the valence band maximum and conduction band minimum are at K point.
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(a) WSe2

(b) MoTe2

Figure 3: Calculated bandgap structure of (a) WSe2 and (b) MoTe2 with different numbers
of layers [25]. The x-axes show the high symmetry points and the calculation paths. In
both materials, the valence band maximum at Γ point decreases gradually when the number
of layers is decreased. When there is only one layer, the valence band maximum at K point
becomes global maximum and the band-gap becomes direct.
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Therefore, the monolayer MX2 has a direct band gap, and no phonons are required
in band transitions allowing more efficient light emitting properties.

The wave-like behavior of electrons is usually described using atomic orbitals
whose shape and configuration is defined by the principal, azimuthal and magnetic
quantum number. In TMDC, d orbitals are strongly localized to the transition metal
atom, and thus are weakly affected by the interlayer coupling. As they comprise the
conduction band states at the K point, the bands remain mostly unchanged when
the number of layers is altered. On the other hand, the states at the Γ point consists
of the linear combination of the d orbitals on the metal atom and the pz orbitals on
the chalcogen atom. The pz orbitals are strongly interlayer coupled, and therefore
heavily affected by the thickness of the material. This causes the increase in the
conduction band at the Γ point, when number of layers is decreased [17].

Due to the lack of inversion symmetry in monolayer MX2, the adjacent K points
(K and K’) in the first Brillouin zone respond differently to a circularly polarized
light of different chiralities [40,41]. Therefore, the local minima of the conduction
band and maxima of the valence band, or valleys, have distinguishable properties,
and thus an additional spin-like degree of freedom. Controlling this degree of freedom
is usually referred to as valleytronics.

It has been found that the TMDCs have strong spin–orbit coupling (SOC), which
causes the energy band to split for different spins. DFT calculations have shown an
energy split of 456 meV for WSe2 at K point [42], which agrees with experimental
values [22]. Due to the time-reversal symmetry, this splitting is inversed in K and
K’ points causing a strong spin-valley coupling [43]. Therefore, one can use the
optical selection rules of valleys to control spins making TMDCs a good material for
spintronic devices.

2.1.3 Lattice vibrations

Even in a crystalline solid, where the location of each atom is accurately defined,
the atoms are oscillating from their equilibrium positions. These oscillations are
called lattice vibrations, and their frequency and amplitude are determined by the
crystalline structure of the material. Thus, each material has their unique set of
lattice vibration modes. In monolayer MX2, there are typically nine lattice vibration
modes at Γ point, five of which are Raman active [44]. In bilayer, the number of
modes increases to 18, nine of which are Raman active [38]. As the number of layers
increase, so do the number of these modes. Additionally, the frequency and intensity
of these modes depend on the number of layers. Therefore, one can use Raman
spectroscopy to determine the thickness of few-layer MX2. The basics of Raman
spectroscopy are described in Section 3.3.3.

The materials, that are studied in this thesis, have three important modes that
can be used for characterization. These modes are A1g, E1

2g and B1
2g, and they are

presented in Figure 4. Although the notations for these modes are actually for
bulk material (2H -MX2), they are used also for few-layer MX2 in this thesis for
simplicity. In A1g mode, the chalcogen atoms of the top and bottom layer are moving
out-of-plane in opposite directions. In E1

2g mode, the chalcogen and metal atoms
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are moving in-plane to opposite directions. B1
2g is similar to E1

2g, but the atoms are
moving out-of-plane. The modes A1g and E1

2g are Raman active, unlike B1
2g, which is

not optically active mode.

M

X

A1g E1 B2g2g
1

Figure 4: Lattice vibration modes observed in 2D TMDCs. They are essential when studying
the thickness of the materials with Raman spectroscopy. A1g and B1

2g are out-of-plane
modes as opposed to E1

2g, which is an in-plane mode.

It has been discovered that, when doing Raman spectroscopy for WSe2, there is
a peak at c.a. 250 cm-1, which becomes significantly stronger when the thickness
is reduced to a single layer [26]. This is also shown in Figure 5, which presents
the measured Raman signal of WSe2 with different number of layers. It has been
determined that the peak at 250 cm-1 comes from modes A1g and E1

2g, which are
spectrally so close to one another that they are merged into one peak. Additionally,
the peak at c.a. 310 cm-1 is totally absent for monolayer WSe2 but visible when there
are two or more layers. This peak is assigned to B1

2g. Even though this mode is not
optically active in bulk material, it has been calculated that it will transform into
Raman active modes in few-layer-MX2 [45]. Therefore, to confirm that the sample is
a single layer, it is required to have one strong peak at 250 cm-1 and no peak at 310
cm-1.

The MoTe2 has similar properties in its Raman spectrum as WSe2. In bulk form,
three peaks can be observed at 170 cm-1, 235 cm-1 and 290 cm-1. These correspond the
vibration modes A1g, E1

2g and B1
2g, respectively. Reducing the thickness to monolayer

causes the A1g mode become stronger, but it weakens the E1
2g mode. Similar to

WSe2, the B1
2g becomes totally absent for monolayer MoTe2 [30]. Thus, to determine
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Figure 5: Measured Raman spectrum of WSe2 [26]. The A1g and E1
2g modes are merged

with few-layer materials. In monolayer WSe2, the combined peak at 250 cm-1 is large and
there is no peak at 310 cm-1, which corresponds to the B1

2g mode.

whether the sample is monolayer or not, one should have strong peak at 170 cm-1

and no peak at 290 cm-1.

2.1.4 Excitons

Below the minimum of the conduction band, there can be energy levels which originate
from defects or excitons. The exciton is a quasiparticle consisting of an electron–hole
pair attracted to each other through Coulomb force. The exciton is a bound state
and it has its own binding energy. The excitons can be neutral or charged. A trion is
a charged exciton which consists of three charged particles. The charge of the trion
can be either positive or negative depending on the bound particles. For instance, if
there are two electrons and one hole in a trion, its total charge is negative.

In single-layer TMDCs, the excitons have large binding energies (0.3–0.6 eV)
[46,47]. This is due to strong Coulomb interaction between the bound electron and
hole and highly reduced dielectric screening. Thus, photo-excitation creates excitons
rather than unbound electron–hole pairs. Therefore, it is more convenient to use the
term ’optical bandgap’, which is the conventional electronic band gap subtracted by
the binding energy of the exciton. The binding energies of the excitons in WSe2 and
MoTe2 are c.a. 460 meV and 380 meV, respectively [47].

Due to the strong Coulomb interaction and reduced dielectric screening, trions
are also observable in 2D TMDCs. In PL spectra the emission peak of trions can
be observed, but only at low temperatures (below 100 K) due to the small binding
energy [48]. The binding energies of trions in WSe2 and MoTe2 are c.a. 30 meV and
20 meV, respectively [47]

It has been discovered that crystal defects in TMDCs can trap excitons [10–14].
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These defects include atom vacancies, atom interstitials and substitutional atoms.
The excitons that are bound to these defects can emit light with energy lower than
the optical band gap of the material and they are spatially localized. Thus, they
are usually referred to as localized excitons. In addition to lattice defects in crystal,
strain can trap excitons as well, which has been observed in TMDCs [27,49].

The lifetime of the localized excitons differs from that of free excitons. Free
excitons have time constant in the range of picoseconds [50], whereas the time
constant for localized excitons is of the order of nanoseconds [11].

2.2 Quantum photonics
This section presents the fundamentals of quantum photonics and how different types
of light sources can be classified using a second order correlation. In addition, the
latest advancements in the field of 2D layered material based SPSs are presented to
provide a view of the current status of the technology.

2.2.1 Fundamentals of quantum photonics

The modes of an electromagnetic (EM) field with wave vector k and angular frequency
ωk can be quantized into the following quantum mechanical operator [51]

Ê(r, t) = i
∑
k,λ

√
~ωk

2ϵ0

[
âkλukλ(r)e−iωkt + â†

kλu∗
kλ(r)eiωkt

]
, (1)

where ϵ0 is the vacuum permittivity. â†
kλ and âkλ are the bosonic creation and

annihilation operators, respectively. They follow the canonical commutation relations:

[âi, âj] =
[
â†

i , â†j

]
= 0[

âi, â†
j

]
= δi,j ∀i, j ∈ N

(2)

The factor ukλ(r) contains the spatial dependency and polarization vector of the
field. For plane waves which are confined to a finite cubic box,

ukλ = 1√
L3

ekλeik·r, (3)

where L3 is the volume of the box and ekλ is the polarization vector.
Equation 1 can be divided in two subterms:

Ê(r, t) = Ê(−)(r, t) + Ê(+)(r, t), (4)

where

Ê(+)(r, t) = i
∑
k,λ

√
~ωk

2ϵ0
âkλukλ(r)e−iωkt (5)

Ê(−)(r, t) = i
∑
k,λ

√
~ωk

2ϵ0
â†

kλu∗
kλ(r)eiωkt. (6)
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The first and second order correlation functions of the field are defined as

g(1)(τ) = ⟨Ê(−)(t + τ)Ê(+)(t)⟩
⟨Ê(−)(t)Ê(+)(t)⟩

and (7)

g(2)(τ) = ⟨Ê(−)(t)Ê(−)(t + τ)Ê(+)(t)Ê(+)(t + τ)⟩
⟨Ê(−)(t)Ê(+)(t)⟩2 , (8)

respectively [51]. These functions are used to characterize the degree of coherence of
the EM field.

It is assumed that the observation point stays constant, thus, the spatial de-
pendency is omitted henceforth. Next, the second order correlation functions for
different types of light sources are solved. First, a chaotic light, which resembles the
most classical types of light sources, is inspected. For a field which follows Gaussian
statistics, the numerator of Equation 8 becomes [52]

⟨Ê(−)(t)Ê(−)(t + τ)Ê(+)(t)Ê(+)(t + τ)⟩
= ⟨Ê(−)(t)Ê(−)(t + τ)⟩⟨Ê(+)(t)Ê(+)(t + τ)⟩
+ ⟨Ê(−)(t)Ê(+)(t)⟩⟨Ê(−)(t + τ)Ê(+)(t + τ)⟩
+ ⟨Ê(−)(t)Ê(+)(t + τ)⟩⟨Ê(−)(t + τ)Ê(+)(t)⟩.

(9)

The chaotic light consists of multiple light sources and each of them radiates inde-
pendently, resulting in a randomized phase between photons. The chaotic light can
be described by [51]

E(t) = E0e
−iω0t

∑
i

eiφi , (10)

where ω0 is the central angular frequency of the light and φi the phase of a single
light source. For the chaotic light, the phase average is zero, and the first term in
Equation 9 can be neglected [52]. Therefore, the second order correlation for the
chaotic light is

g(2)(τ) = 1 +
⏐⏐⏐g(1)(τ)

⏐⏐⏐2. (11)

The first order correlation function for chaotic light with Lorentzian spectrum is [52]

g(1)(τ) = e−iω0τ−i τ
τc , (12)

where τc is the coherence time of the light source. Therefore, g(2)(0) = 2 for the
chaotic light, which has a high number of intensity fluctuations. Thus, it is highly
possible that a photon is emitted during such a fluctuation, when there are other
photons emitted.

At zero delay, i.e., τ = 0, Equation 8 can be presented using only the bosonic
creation and annihilation operators making it more convenient to use when calculating
quantum mechanical fields [52]:

g(2)(0) = ⟨â†â†ââ⟩
⟨â†â⟩2 (13)
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For low number of photons, a Fock state (also referred to as a number state) can
be used to describe the EM field. It can be defined by equation

|n⟩ = â†
√

n
|0⟩ (14)

where |0⟩ is the vacuum state and n is the number of photons in the field. The
creation and annihilation operators have following properties on the Fock state.

â |n⟩ =
√

n |n − 1⟩ (15)
â† |n⟩ =

√
n + 1 |n + 1⟩ (16)

The second order correlation for Fock state can be calculated using the canonical
commutation relations (Equation 2) and Equations 15 and 16:

g(2)(0) = ⟨n| â†â†ââ |n⟩
⟨n| â†â |n⟩2 = ⟨n| â†ââ†â |n⟩ − ⟨n| â†â |n⟩

n2 = n2 − n

n2 = 1 − 1
n

(17)

For an SPS, the total photon number n equals one. When this is substituted to
Equation 17, the second order correlation at τ = 0 becomes zero indicating that
there, indeed, is only one photon in a pulse.

A Poissonian light source such as a laser can be described in quantum mechanics
with a coherent state, defined as

|α⟩ = e− |α|2
2
∑

n

αn

√
n!

|n⟩ . (18)

It has following properties:

â |α⟩ = α |α⟩ (19)
⟨α| â† = ⟨α| α∗ (20)

When these are used in Equation 13, the second order correlation for the coherent
state can be calculated:

g(2)(0) = ⟨α| â†â†ââ |α⟩
⟨α| â†â |α⟩2 = |α|2

|α|2
= 1 (21)

Therefore, the second order correlation at τ = 0 equals unity for the coherent state.
It has now been seen that different types of light sources have different g(2)(0)

values. If g(2)(0) > 1, as for the chaotic light, the light source is called bunched.
For a coherent light source g(2)(0) = 1 as for the coherent state. The sources with
g(2)(0) < 1 are called anti-bunched. For perfectly anti-bunched light, g(2)(0) = 0, as
for the single photon Fock state [53]. Furthermore, if g(2)(0) < 0.5, the light source is
also considered to be an SPS. Thus, the coherent state cannot be regarded as such,
which explains why faint laser pulses cannot be effectively used as an SPS in certain
applications such as QKD. Figure 6a presents the measured second order correlation
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curve of an SPS on WSe2 [11]. At τ = 0, a noticeable dip can be seen. The value for
g(2)(0) is obtained by fitting the data using double exponential decay function

g2(t) = A(1 + Be−|τ |/τ1 + Ce−|τ |/τ2), (22)

where B, C, τ1 and τ2 are fitting constants and A is the normalization constant
(A = limt→∞ g2(t)). From the fit curve in Figure 6a, the value of 0.14 is extracted for
g(2)(0) and the source is considered to be an SPS [11]. If the pump laser is pulsed,
the second order correlation curve has peaks separated by a time depending on the
repetition rate of the pulse laser. If the light source is a true SPS, the peak at τ = 0
is non-existent. An example of the results of pulsed laser is presented in Figure
6b [11]. The second order correlation at τ = 0 is obtained by dividing the photon
counts of the peak at τ = 0 by the average of the adjacent peaks. At zero delay the
second order correlation has a value of 0.21, which is below the 0.5 threshold [11].

(a) (b)

Figure 6: Typical second order correlation measurement results with (a) continuous wave
and (b) pulsed pump laser [11]. With the continuous wave pump laser there is a significant
dip at zero delay and the second order correlation has a value of 0.14, which is nearly
zero. In the pulsed laser, there are several peaks separated from each other by the time
corresponding to a repetition rate, though there is no peak or small one at zero delay.

2.2.2 Current state of the art of quantum photonics with 2D layered
materials

2D layered materials have emerged as an interesting platform for quantum photonics.
They have shown remarkable optical and electronic properties, such as direct band
gap [18] and spin–valley coupling [22]. Due to the lack of dangling bonds, they can
be easily implemented in optical waveguides and cavities. Additionally, one can stack
different materials on top of another one to form heterostuctures without considering
a lattice mismatch. This section presents the recent advances in the field of quantum
photonics based on 2D layered materials.

The SPSs discovered in TMDCs are mainly from WSe2, but they have been
found recently from WS2 as well [54]. The SPSs in TMDCs typically originate
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from localized excitons trapped in two different ways, structural defect [10–14] and
strain [27–29, 49, 55]. In WSe2, the defects corresponding SPSs are determined to
originate from tungsten vacancies [56]. It is not yet completely understood, why
strain spatially localized excitons. Nevertheless, it allows an artificial way to create
SPSs in these materials. For WSe2, defect based SPSs operate in the spectral range
of 720–750 nm [10–14] and the strain based in that of 730–800 nm [27–29,49,55].

Hexagonal boron nitride (hBN) has a similar hexagonal structure to graphene.
It has a relatively large bandgap of 5.9 eV [57] and is usually used as an insulator.
It has been recently discovered that bulk and monolayer hBN can also emit single
photons [4, 58]. Where as the SPSs based on TMDCs only emit single-photons
at low-temperature, the SPSs in hBN have shown to be able to operate at room
temperature, which significantly improves their usability. The SPSs in hBN likely
originate from boron vacancies [4].

In 2D materials, the SPSs are usually located randomly as they come from
localized excitons bound by defects, whose location mostly is random. Nevertheless,
a number of methods have been developed to artificially create SPSs in these materials.
One method is laser-irradiation. In this method the monolayer hBN is exposed to
high intensity laser pulses, which have shown to create SPSs in monolayer and bulk
hBN [59]. Alternatively one can use strain [27–29,49,55]. By creating nanostructures,
such as nanoholes or nanopillars, one can create stress points into the deposited 2D
TMDC. This method is also used in this thesis.

It has been discovered that the localized excitons in monolayer WSe2 follow the
valley splitting properties of its bulk counterpart allowing single-photon emission
with additional degree of freedom [10]. Additionally, due to the strong SOC, the
coherence of these pseudospins is better preserved improving the usability of the
SPSs in quantum information applications.

It has been shown by using a light emitting diode (LED) based on monolayer
WSe2, that it is possible to obtain electrically driven single-photon emission [54,60,61].
This is achieved by using a heterostructure where the WSe2 is stacked between few-
layer (2–6) hBN and graphene layers. The graphene layers connect the system to
electrodes. When a voltage is applied between the electrodes, electrons and holes
tunnel through the insulating hBN layers and recombine radiatively in WSe2 layer
providing single-photon emission. A schematic of such a heterostructure device is
presented in Figure 7a. An electrically driven SPS would be useful in applications as
no additional laser source is required to excite the sample.

As the single-photon emission properties of WSe2 are starting to become well
established, the next step involves efficiently extracting the emitted light from the
SPSs. A design has been developed which allows light to be coupled into a optical
fiber with an efficiency of 10 % using tapered fibers [62]. An illustration of this device
is shown in Figure 7b.
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(a)

(b)

Figure 7: (a) A schematic of LED based on a heterostructure of several 2D layered
materials [60]. A WSe2 monolayer is between two insulating hBN layers stacked between
graphene contacts. (b) An illustration of a tapered fiber used to extract light from a WSe2
SPS [62].
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3 Methods
This chapter shows the fabrication and characterization methods used in this thesis.
First, the fabrication tools and methods used to create nanopillars are presented
and explained. Later, the fabrication process of strain induced SPSs is shown. The
characterization methods are presented in the final section of this chapter.

3.1 Fabrication methods
This section presents the working principles of the tools and methods used to fabricate
the SiO2 nanopillars.

3.1.1 Electron beam lithography (EBL)

In conventional photolithography, photoresist is exposed to light, which alters its
chemical properties. The resist is then developed using a chemical treatment which
either removes the exposed or the unexposed parts depending on whether the resist
is positive or negative. However, due to the diffraction limit of light, the pattern
resolution cannot achieve nanoscale. In electron beam lithography (EBL), an electron
beam is used instead of light. The spot size of electron beam can be several magnitudes
smaller that the one of light source allowing significantly higher resolution. The
EBL process is depicted in Figure 8. First, photoresist is deposited on the substrate
usually by spin-coating. The resist is then baked to remove the resist solvent. Then,
the sample is scanned with an electron beam that either weakens or strengthens the
resist depending on whether the resist is positive or negative. Lastly, the resist is
exposed to a developing solvent removing the weaker parts. The resist layer is now
patterned.

Figure 8: The process steps of EBL. First, photoresist is deposited on top of the sample by
spinning and is baked to dry-off the resist solvent. Then, electron beam is used to pattern
the resist. If the resist is positive like in the figure, the electron beam weakens the resist. In
case of negative resist, the beam makes the resist stronger. When the sample is exposed to
developing solvent, the weaker parts of resist are removed leaving a patterned resist layer.

In EBL, the acceleration voltage affects the beam size: the higher the voltage,
the smaller the beam size. However, increasing the voltage too much causes high
current, which increases the beam size due to Coulomb repulsion [63]. The pattern



26

resolution is affected also by the thickness of the resist. When the electron beam
hits the sample, it scatters, which increases the effective are of the beam. Therefore,
the resolution of the pattern is typically larger than the spot size of the beam. This
effect can be reduced using thinner resist films, although they are more difficult to
work with as they are more vulnerable to defects.

The resist used in this thesis was PMMA A4.5, which was deposited on the a wafer
by spin-coating. The thickness of the resist film can be controlled by the spinning
speed of the coater. A speed of 2000 RPM, which was used in this thesis, results in
a thickness of 300-400 nm with PMMA A4.5. The resist was patterned using Vistec
EPBG5000pES. An acceleration voltage of 100 kV and a constant expose dose of
1600 µC/cm2 were used.

3.1.2 Evaporator

Evaporation is a physical vapor deposition (PVD) technique used to deposit elemental
metals. The target material is in a crucible and is evaporated using an electron
beam. The crucible and the wafer are in a vacuum chamber. The pressure inside
the chamber ranges from 10-7 to below 10-11 Torr. Due to the high vapor pressure of
metals and high vacuum, the metal atoms are transported from the source to the
substrate. Lower pressure increases the mean free path of the metal atoms and to
achieve line-of-sight deposition, the mean-free path should be larger than the length
of the chamber. Additionally, low pressure also reduces the amount of contamination.
Figure 9 shows a schematic of an evaporation process.

The vaporized target atoms arrive to the surface at their thermal speed, therefore
the deposition can be done in room temperature. Additionally, the speed of atoms is
slow enough to not create any damage to the surface of the substrate [63]. However,
the deposition rate, which depends on the melting point of the target material, is
usually quite slow, 0.1–1 nm/s, and due to the line-of-sight deposition, the vertical
side walls are not covered, which is actually beneficial in lift-off process described in
the following section. The slow deposition rate also improves the thickness control of
the deposition.

The evaporator used in this thesis was MASA IM-9912 and it was used to deposit
copper onto the substrate.

3.1.3 Lift-off process

In a special process called lift-off, metallization is done using a sacrificial layer that
has the inverse pattern of the final metallization. The sacrificial layer is usually
photoresist as it is easy to pattern with photolithography or EBL. Figure 10 presents
the lift-off process. First, a target metal is deposited on a patterned photoresist.
This is followed by dissolving of the resist which removes the metal on top. The
metal that is contacted to the substrate remains unremoved and is now patterned.
This process requires that the thickness of target material is much smaller than that
of the resist, and that the metal deposition method has a poor step coverage [63].
Thus, evaporation is most often the method of choice to deposit the metal.
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Electron beam

Crucible

Wafer

Metal atoms

Figure 9: A schematic of an evaporation process. The target metals atoms are located in a
crucible. Using an electron beam the metal is evaporated and the atoms travel across the
chamber towards a wafer. If the pressure inside the chamber is low enough, the metal is
deposited on the wafer.

Metal

Photoresist

Substrate

Figure 10: Lift-off process. When a metal is deposited on patterned photoresist, the sample
is put in solution that solves the photoresist. The metal that was deposited on top of the
resist is not attached to anything and is therefore removed.

In this thesis, the lift-off process was used to pattern copper in order to create
a hard mask for reactive ion etching (RIE). The copper film was deposited using
evaporator and the resist (PMMA) was removed with acetone.
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3.1.4 Reactive ion etching (RIE)

Reactive ion etching (RIE) is an anisotropic etching technique which allows the
fabrication of vertical side walls. This technique utilizes plasma, which is ignited by
a strong radio-frequency (RF) EM field applied to the wafer holder. The resulting
plasma contains excited molecules, which react easily, and ions accelerated by the
field, which can be seen in Figure 11. Therefore, the RIE is a combination of chemical
etching with excited molecules and physical etching with ion bombardment. Because
the ion bombardment is highly directional due to the electric field, the resulting
etching profile is anisotropic.
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Figure 11: The RIE process. The bottom electrode is powered with a RF electric field.
This ignites the plasma from etchant gas. The plasma contains electrons, positive ions and
excited gas molecules. The RF field directs the ions towards the bottom electrode and the
sample, resulting in ion bombardment. Furthermore, the excited gas molecules are prone
to react. Therefore, RIE is a combination of chemical and physical etching.

In order to etch material, resulting reaction products should be volatile and their
bonds should be stronger than those of the etched material [63]. For instance, to
etch silicon oxide SiO2, fluoride based plasma etchants can be used as the bond
energy of a Si–F bond (550 kJ/mol [63]) is stronger than that of a Si–O bond (470
kJ/mol [63]). The silicon fluorides are also volatile at room temperature. In this
thesis trifluoromethane (CHF3) was used as a reactant gas to etch SiO2. The etching
reaction produces silicon tetrafluoride SiF4. However, even though the SiF4 is volatile
at room temperature, the plasma etching of SiO2 is driven by ion bombardment [63].
Therefore, argon (Ar) is also used as a reactant gas to increase the number of ions.

The RIE tool used in this thesis was Oxygen Plasmalab 80Plus. The tool is a
parallel plate reactor with 13.56 MHz RF. The following etching recipe was used.
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The flow for reactant gases CHF3 and Ar were 25 sccm and 5 sccm, respectively.
The pressure of the chamber was 30 mTorrs and the power was 400 W. This recipe
resulted in an etch rate of 30 nm per minute for SiO2.

3.2 Fabrication of SPSs with strained 2D TMDCs
This section presents the whole fabrication process of the SPSs. First, fabrication
of SiO2 nanopillars is presented in Section 3.2.1. Section 3.2.2 provides information
of different methods for monolayer TMDC fabrication. The transfer process of the
obtained monolayer TMDCs is shown in Section 3.2.3.

3.2.1 Fabrication of SiO2 nanopillars

The silica nanopillars were fabricated on a silicon wafer with 300 nm oxide. The wafer
was first cleaned by putting it in acetone and using ultrasonic bath for 5 minutes.
Next, PMMA A4.5 photoresist was spin-coated on top of the wafer with 2000 RPM
for 45 seconds. This resulted in a c.a. 400 nm thick resist layer. After the coating,
the wafer was put on a hot plate in 170 ℃ in order to bake the resist.

An electron beam was used to pattern the resist with 5 mm × 5 mm sized areas
that contained the nanopillar pattern. This area was located on 15 mm × 15 mm
sized chips which were cut from the wafer afterwards. The schematic of the chip is
shown in Figure 12a and the EBL pattern of pillars is shown in Figure 12b. The
pillars form an array with 3 µm space between and their diameter is 300 nm. The
patterned photoresist was developed using 1:3 methyl isobutyl ketone (MIBK) to
isopropyl alcohol (IPA) solvent for 5 seconds.

5 mm

5 mm 15 mm

15 mm

(a)

3 µm

3 µm

300 nm

(b)

Figure 12: (a) The schematic of the sample chips. The red inner square shows the area
where the pillars are fabricated. The outer square shows the size of the chip. (b) The
topview of the pillar pattern. Pillars have a diameter of 300 nm and they are separated
from each other by 3 µm.

The wafer was then put to evaporator and 10 nm thick copper layer was evaporated
on top. After evaporation, a lift-off process was performed, and the wafer was put in
acetone for overnight. The acetone solves the resist and the copper which was on top
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of it is removed leaving the copper on top of the silica in its place. After the lift-off
process, the wafer is cut to 15 mm × 15 mm chips. RIE is used to etch silica which
is not covered with copper. The previously presented recipe, which etches SiO2 with
a rate of 30 nm/min, was used for six minutes and 40 seconds removing c.a. 200
nm of the silica. The recipe removes also copper from the sample, although in lower
rate. The copper residues were removed with ammonium persulfate (APS) and the
sample was finally cleaned using RIE with the same recipe for one minute. Figure 13
presents the process steps of the pillar fabrications.

Si

SiO
2

Resist

Cu

Figure 13: The fabrication process of nanopillars. The pillars were fabricated on silicon
substrate with 300 nm thick oxide. The PMMA A4.5 photoresist was spin-coated on
top of the wafer with 2000 RPM for 45 seconds resulting in approximately 400 nm thick
resist. The resist is baked in 170 ℃. Then EBL is used to pattern the resist, which is then
developed in 1:3 MIBK:IPA solvent for five seconds. This is followed by the evaporation of
copper and lift-off process. Lastly, the oxide is etched and the copper is removed.
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3.2.2 Fabrication of monolayer flakes

For research purposes 2D materials are usually made by mechanical exfoliation,
which was used to discover graphene [64]. In this method, the material layers are
sheared from each other mechanically. In the most simple form of this method, the
exfoliation is done using a regular tape. When the sample is attached to a piece of
tape, another piece is used to exfoliate it. This method is widely used because it is
simple, inexpensive and provides high quality samples. However, it is slow and the
sample size is quite small, therefore, it is mainly suited for research purposes.

There are also some liquid exfoliation techniques, where TMDC powder is son-
icated into a solvent [65, 66]. With this method it is possible to produce large
quantities of the material and it is possible to use the TMDC solution as an ink [65].
However, the flake size is even smaller than with mechanical exfoliation.

Chemical vapor deposition (CVD) allows the fabrication of larger samples. In
CVD, precursor materials are evaporated and directed towards the target substrate,
where the evaporated materials react with each other producing a deposit of the desired
material. For instance, to produce molybdenum diselenide (MoSe2), molybdenum
trioxide (MoO3) precursor and Se can be used [67]. However, the thickness control
in CVD is not precise and the quality of the samples is inconsistent. Nevertheless,
there have been reports where the thickness can be controlled by first depositing the
transition metal oxide with certain number of layers onto the substrate and when
this oxide is then exposed to chalcogen gas, the TMDC is grown and its thickness
depends on the number of oxide layers [68]. Atomic layer deposition (ALD) can be
used for precise thickness control of the oxide [69].

In this thesis, the monolayer samples were fabricated using mechanical exfoliation
method due to its simplicity, low-price and sufficient sample size.

3.2.3 Exfoliation and transfer of the flakes

The flakes were transferred using an all-dry stamping method [70]. A polydimethysilox-
ane (PDMS) stamp was first attached to a marked glass wafer. The tape containing
flakes which were sheared a few times was then attached to the stamp and taken
off leaving some of the exfoliated flakes on the PDMS. The stamp can be then
investigated with a microscope to find suitable samples. The markers on the glass
wafer can also be seen with the microscope, which makes relocating the samples
easier.

When the flakes are on the PDMS stamp, the Raman spectroscopy was used to
characterize them. The Raman spectroscopy is presented in Section 3.3.3. After
characterization, the samples were transferred onto the nanopillars using a micro-
manipulator and a microscope. Due to viscoelasticity of PDMS, the flakes could be
transferred using the all-dry stamping method which is depicted in Figure 14. When
the PDMS is slowly peeled off, the flake stays on the substrate, provided that the
surface energy between the substrate and flake is smaller than that between the flake
and stamp. After the transfer, the optical microscope and Raman spectroscopy were
used to confirm that the transfer was successful and the flake was not damaged.
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Figure 14: The transfer process of exfoliated 2D TMDC flakes on fabricated SiO2 nanopillars.
First, the PDMS stamp which contains the flakes is pressed slowly against the pillars. After
the flake is deposited on to the substrate, the stamp is slowly peeled off while the flake
stays on the pillars, provided that the flake adheres preferably to the substrate.

3.3 Characterization methods
This section shows the tools used to characterize the device and explains their
working principles. These tools include scanning electron microscope and atomic
force microscope, which are used to characterize the surface topography of samples.
The section also presents Raman and photoluminescence (PL) spectroscopy setups,
which are used to evaluate the structural and the optical properties of the samples.
A time-resolved PL setup, which can be used to characterize SPSs is shown in the
end of the section.

3.3.1 Scanning electron microscope

Scanning electron microscope (SEM) is a popular characterization method for small-
sized samples. In this method, electrons are first accelerated to a high speed with a
high voltage (1–100 kV) and the electron beam is directed towards the sample, which
is in a vacuum chamber. In the sample, the electrons interact with the near field of the
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electrons within the material causing the incident electron beam to scatter producing
secondary electrons. These secondary electrons are collected using a detector, which
produces an image of the sample. The surface structure determines the the amount
of the secondary electrons, therefore the image represents the topography of the
surface. Figure 15 presents a schematic of an SEM.

Figure 15: A schematic of an SEM. The electron beam is focused on the sample with
EM lenses. The beam interacts with electrons in the material and secondary electrons are
scattered. These secondary electrons are then detected and image of the sample is created.

The main advantage of the SEM compared to a conventional optical microscope
is its improved resolution. The optical microscopes are usually diffraction limited,
which can be seen from

R = λ

2NA
, (23)
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where λ is the wavelength of light and NA is the numerical aperture of the objective.
Therefore, for instance, the resolution of an optical microscope with a numerical
aperture of 0.95 is 0.29 µm for green light (λ = 550 nm). The SEM, on the other
hand, is not diffraction limited but the resolution is constrained by the electron beam
spotsize, which depends on the de Broglie wavelength of the electrons, the EM optics
used to focus the beam and the interaction volume of the beam. The de Broglie
wavelength depends on the acceleration voltage by

λB = h√
2meeV

, (24)

where h is the Planck’s constant, me is the mass of an electron, e is the elementary
charge and V is the acceleration voltage. For V = 10 kV, the de Broglie wavelength
is 12.3 pm. However, de Broglie wavelength gives only the minimum resolution that
can be achieved. Due to the other factors, the resolution of SEMs is usually in the
range of 0.1–100 nm.

In addition to the secondary electrons, there are also other signals that can be
detected. These include: backscattered electrons and X-ray. Backscattered electrons
can be used to determine the atomic composition of the sample, as the heavier atoms
backscatter more electrons. X-ray signals are also produced, when the beam interacts
with sample. This can be used to perform energy-dispersive X-ray spectroscopy
(EDS) to obtain more information about atomic composition of the sample [71].

In this thesis, the SEM Zeiss Supra 40 was used to characterize the SiO2 nanopil-
lars. The used acceleration voltage was 10 kV.

3.3.2 Atomic force microscopy

Atomic force microscopy (AFM) is a scanning probe microscopy (SPM) method used
to characterize the topography of a surface with nanoscale precision. A nanosale
tip located on a thin cantilever is used to scan the surface of the material and the
Coulomb force of the surface atoms is detected. There are three different AFM
operation modes: contact, non-contact and semicontact. In semicontact mode,
which is used in this thesis, the tip and the cantilever are oscillating due to driving
current. The oscillation has constant amplitude and frequency as long as there are
no interfering forces. Therefore, when the tip gets closer to the surface, there are
van der Waals and Coulomb forces that alter the amplitude of the oscillation. This
change in amplitude is detected by a controller and the system changes the height to
maintain the oscillating amplitude, therefore, information of the distance between
the tip and sample is acquired. The deflection of the tip is typically measured using
beam-deflection method, where laser light is reflected off the cantilever. The reflected
light is detected with two or four closely placed photodiodes. If the cantilever,
and thus the reflected beam is deflected, there is a difference between photodiode
signals which corresponds to the deflection of the cantilever. A schematic of AFM is
presented in Figure 16

The AFM tool used in this thesis was NT-MDT NTegra Aura. It was used in
semicontact mode with gold coated tips. The tool rested on an isolating table in
order to reduce noise caused by vibrations in the environment.
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Figure 16: A schematic of AFM. The sample is moved under the cantilever and tip with a
piezoelectric stage. In semicontact mode, the tip is oscillating up and down on the sample.
The amplitude of this oscillation is affected by the atomic forces of the sample. The
movement of the tip is inspected by reflected a laser beam that is detected by a photodiode.
This information is fed back to a controller that changes the distance between tip and the
sample in order to maintain the amplitude of the oscillating cantilever. Therefore, distance
information between the tip and the sample is acquired.

3.3.3 Raman spectroscopy

In Raman spectroscopy, information of the crystalline structure of a sample can
be obtained. When the sample is illuminated with a monochromatic laser, light
is scattered through Rayleigh and Raman scattering. The Rayleigh scattering
is an elastic scattering process, meaning that the scattered light has the same
frequency as the incident light. The Raman scattering is inelastic, thus the frequency
of scattered light differs from the incident light. The frequency of the Raman
scattered light is ν0 ± νk, where ν0 is the frequency of the incident laser light and
νk is a vibrational frequency, which is specific to the material measured in Raman
spectroscopy. The negative and plus signs correspond Stokes and anti-Stokes shifts in
frequency, respectively. Figure 17 presents different scattering processes with energy
levels.

The vibrational modes in the crystal lattice can be represented by a quantum
mechanical quasiparticles, phonons that have an energy hνk, which is similar to an
energy form of photons. When the photon of the incident light with frequency ν0
interacts with a phonon, inelastic scattering occurs and the energy and momentum
of the photon are changed. In Stokes process, a phonon is created and the scattered
photon has lower frequency of ν0 − νk to fulfill the energy conservation law. In anti-
Stokes process a phonon is destroyed and its energy and momentum are transferred
to the photon which will have frequency ν0 + νk.

Classical proof can be easily presented for a simple diatomic system where the
atoms are interacting with each other through a force that can be approximated as a
spring. In such a system, the atoms are oscillating and their displacement q(t) is
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Figure 17: Different scattering processes in the material. In the Rayleigh scattering, the
photon of the incident light has an energy Ei and is absorbed by the material. The material
excites from a ground state Eg to virtual state E1 and relaxes back to the ground state
emitting a photon with same energy Ee = Ei. In Stokes scattering, the material relaxes to
a vibrational state that has an energy Evib (E1 > Evib > Eg) and a photon with a smaller
energy Ee < Ei is emitted. In Anti-Stokes scattering, the photon excites the material from
the ground state to virtual state with an energy E2 and material emits a photon with
larger energy Ee > Ei as it relaxes to the ground state.

determined by [72]
q(t) = q0 cos

(√
K/µt + φ

)
, (25)

where q0 is the amplitude of the oscillation, K is the spring constant, µ is the reduces
mass of the system and φ is the phase. By determining 2πνk =

√
K/µ, Equation 25

becomes
q(t) = q0 cos(2πνkt), (26)

where the phase φ is set to zero. Therefore the displacement of the diatomic system
is a harmonic oscillator with a frequency νk.

The incident light with frequency ν0 can be considered as an EM plane wave

E(t) = E0 cos(2πν0t), (27)

where E0 is the amplitude of the field. When the light interacts with the diatomic
system it generates polarization P(t) in the material.

P(t) = ϵ0χE(t) (28)

where χ is the optical susceptibility of the material. The susceptibility is influenced
by the movement of the atoms [73]. Thus, the susceptibility can be expanded to a
Taylor series in terms of the displacement q(t)

χ = χ0 +
(

∂χ

d

)
q=0

q(t) + 1
2

(
∂2χ

d2

)
q=0

q2(t) + ... (29)
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By taking the first order approximation,

χ ≈ χ0 +
(

∂χ

d

)
q=0

q(t) (30)

The factor
(

∂χ
d

)
q=0

can be considered as a constant. By combining the Equations 26
27, 28 and 30, the polarization becomes

P(t) = χ0ϵ0E0 cos(2πν0t) +
(

∂χ

d

)
q=0

ϵ0E0d0 cos(2πν0t) cos(2πνkt) (31)

= χ0ϵ0E0 cos(2πν0t) + 1
2

(
∂χ

d

)
q=0

ϵ0E0d0 cos(2π(ν0 + νk)t)

+ 1
2

(
∂χ

d

)
q=0

ϵ0E0d0 cos(2π(ν0 − νk)t)
(32)

The first term on the right hand side of Equation 32 has the same frequency as the
incident EM field (Equation 27), therefore it corresponds to the Rayleigh scattering.
The second and third terms describe the different processes of the Raman scattering:
the second term with the sum frequency ν0 + νk corresponds to the anti-Stokes
process, whereas the third term with the difference frequency ν0 − νk corresponds to
the Stokes process.

Even though this proof was for diatomic system, it can be easily expanded to
larger ones such as crystal lattice. In crystal lattice the multiple interactions can
be treated as a superposition of the diatomic system. Therefore, there are multiple
Raman scattering modes in the spectrum.

The quantity that is actually measured in Raman spectroscopy is Raman shift,
which basically means the difference between wave numbers of the excitation light
and the scattered light. Thus the measured units are cm-1.

The Raman spectroscope used in this thesis was alpha300 RA made by WITec.
The used pump wavelengths were 532 and 633 nm with maximum powers of 131 mW
and 154 mW, respectively. The measurements were done at room temperature and
in atmospheric pressure. Only Stokes scattering was acquired. The same system is
used to do the PL measurements at room temperature.

3.3.4 Photoluminescence (PL) spectroscopy

Measuring the PL spectrum of a material is quite similar to Raman spectroscopy:
the inspected material is illuminated with excitation light and the sample emits light
with its own characteristic spectrum. This is a consequence of series of events. First,
the sample absorbs the energy of the incident photon. This energy is acquired by
an electron, which is excited to a higher energy level in conduction band and forms
a hole in the valence band. If the energy of the incident photon is higher than the
bandgap of the sample material, the excited electrons and holes decay non-radiatively
towards the conduction band minimum and valence band maximum, respectively.
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This process is called relaxation. Finally, the electron and holes recombine either
radiatively or non-radiatively depending on the energy band structure of the material.

PL measurement results acquired at room temperature usually differ from those at
low temperature. At room temperature, the distribution of energy levels is broadened.
This can be explained using the Fermi-Dirac statistics. Fermi-Dirac distribution
describes the distribution of fermions over energy states. The distribution is given
by [73]

f(E) = 1
exp

(
E−µ
kBT

)
+ 1

, (33)

where kB is the Boltzmann constant and µ is the total chemical potential of the
system. The factor kBT corresponds the effect of thermal energy of atoms and it
broadens the distribution. At room temperature this factor is c.a. 25 meV. If there
are energy levels below bandgap, they get easily screened by the thermal energy if
the binding energy is not high enough. at lower temperatures the role of thermal
energy diminishes and the energy levels are more precise.

In this thesis, the room temperature PL measurements were conducted using
the Raman spectroscopy system which was also used to measure the Raman signal
(presented in the previous section). The same pumping sources were also used.

When conducting the low temperature PL measurements the sample was mounted
inside a cryostat, and the temperature was decreased to 7 K. The sample was
illuminated by a pump laser through a window in a cryostat. The light emitted by
the samples is guided through a longpass filter to remove the backscattered pump light.
Finally, the signal reaches a spectrograph, which measures the intensity of different
wavelengths. In the system, the pump laser is guided through 50:50 beam splitter
(BS), where the beam is divided into two branches. One of the branches is aligned
towards the sample and the other towards a power meter. Thus, the pumping power
and its effect on the PL spectrum can be measured. The PL spectrum that is emitted
by a sample is guided through a long-pass filter to minimize the backscattering of
the pump laser. Finally, the signal is measured using a spectrometer. A schematic of
the PL measurement setup is presented in Figure 18a. Figure 18b shows a picture of
the setup.

A blue diode laser, with a central wavelength of 405 nm, was used as an exciting
source. It was operated in continuous mode slightly over the threshold current in
order to minimize the linewidth, which was 0.7 nm (5.3 meV). The spot size of
the laser was diffraction limited to c.a. 500 nm. To measure the PL spectrum of
WSe2, a 700 nm longpass filter, and an Andor Newton 920 spectral camera were
used. This system has a spectral resolution of 0.04 nm (0.20 meV) at 500 nm. A 900
nm longpass filter and an Andor iDus spectral camera based on InGaAs were used
when measuring the MoTe2 sample. With the both samples, Andor Shamrock 750
spectrometer was used to spread the light.

3.3.5 Time-resolved measurement

As was discovered in Section 2.1.4, the PL decay can provide information about
the emitter in TMDCs as the time constant of a localized exciton is three orders of
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Figure 18: (a) A schematic of the PL measurement setup. The pump laser is first guided
to a 50:50 beam splitter (BS), where the light is divided into two branches: one towards
the sample and one to a power meter. This allows monitoring of the pump power. PL
signal emitted by the sample is filtered from the backscattered laser light by using a 700
nm long pass filter. After filtering the PL signal reaches the spectrometer. (b) A picture of
a setup. The most essential components are marked in the picture.

magnitude higher than that of a free exciton. The PL decay can be measured by
pumping the sample with short laser pulses and measuring photon counts with a
single photon detector (SPD). Measuring the time delay between the laser pulse and
a detection event multiple times gives PL intensity in function of time, which can be
fitted using equation

f(t) = Ae−t/τtc + B, (34)

where A and B are constants. This gives time constant τtc, which can be used to
characterize the time scale of the PL decay.

The single-photon emission can be verified using Hanbury–Brown–Twiss (HBT)
setup and measuring the photon correlation function g2(t) [74,75] that was introduced
in Section 2.2.1. The HBT setup is depicted in Figure 19a. The incident photon
beam is divided into two branches using 50:50 beam splitter. In the both ends of the
branches, there is SPD. To measure correlation, time interval between detections at
SPDs is measured using a counter.

The correlation measurement setup used in this thesis is shown in Figure 19b.
The setup was assembled inside a black box to reduce background lighting in the
room. The same pump laser, which was used to measure PL, was used but this time
it was operated in pulsed mode with 50 ps pulsewidth full width at half maximum
(FWHM). The pulsing increased the linewidth of the laser to 1.5–2 nm (7.4–9 eV). In
this thesis, two sets of SPDs were used, both of which were single-photon avalanche
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Figure 19: (a) A schematic of the HBT setup. The light is guided into two branches using
50:50 BS. In the end of each branch there is a SPD that detects individual photons and
send information of the detection event to a counter. The counter calculates the time
difference between detections between SPDs and second order correlation curve is obtained.
(b) A picture of the HBT setup used in this thesis. The light is focused to the SPDs using
lenses. The setup is assembled inside a black box to reduce light coming to the system
from the outside.

photodiodes (SPADs): PDMs made by Micro Photon Devices (MPD) and τ -SPADs
made by PicoQuant. The PDMs have a quantum efficiency of 21 % at 750 nm and
their timing resolution is below 50 ps. The τ -SPADs had significantly better quantum
efficiency of 55 % at 750 nm, however they have a timing resolution of 350–850 ps.
The counter used in this thesis was PicoHarp 300 made by PicoQuant. As both of
the SPDs operate at visible range, the time resolved measurements were performed
only for WSe2 samples.



41

4 Results and discussion
This chapter shows the results obtained in this thesis. The results are presented and
discussed in chronological order, i.e., in order they were obtained throughout the
device fabrication and characterization. First, the fabrication results of the pillars
are shown with figures obtained with SEM and AFM. This is followed by the results
from characterization of exfoliated and transferred WSe2 and MoTe2 flakes. The
results of low temperature PL spectroscopy and time-resolved measurements are
shown in the end of the chapter.

4.1 The characterization of the nanopillars
The fabricated SiO2 nanopillars were analyzed with SEM and AFM. The SEM
images of SiO2 nanopillars are shown in Figure 20. The Figure 20a shows the SEM
image of the acquired pillar array. From the image, the dimensions of the array can
be measured: the pillars have an average diameter of 300 nm and they were separated
by a distance of 3 µm. Figure 20b shows a close-up of one of the pillars. The shape
of the pillars is uneven, and they have holes and kinks. The bottom of the pillar
has a diameter of 350 nm, which is slightly larger than the top indicating a positive
etching angle. It appears that the etching of SiO2 was driven by chemical reactions,
although the uneven shape of pillars might be a result from ion bombarding. In either
case, the recipe requires some fine tuning and a different mask material should be
considered. Additionally, it is hard to deduce if the lighter layer on top of the pillar
comes from the reflective angle difference of scattered secondary electrons or from a
copper residues. It might be that the RIE has changed the chemical composition of
copper and improved its stability against APS. Nevertheless, the shape of the pillars
is sufficient to create stress point on transferred material.

The height profile of the pillars was measured with AFM. The Figure 21 shows
the result of these measurements. Figure 21a illustrates 3D AFM image of the surface.
It can be seen that the height of the pillars is consistent even though their top is

(a) (b)

Figure 20: (a) SEM figure of nine of the SiO2 nanopillars. (b) Close up of a pillar. The
shape of the pillar is uneven and positive etching angle can be seen.
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uneven. The acquired height profile of the AFM scan is presented in Figure 21b. The
white line marks the data used to plot the graph in Figure 21c. As can be seen in
Figure 21c, the pillars have an average height of 180 nm. However, the height of the
pillars changes tragically at different positions of the device. This can be seen later in
Figure 25, where the height of the pillars is approximately 130 nm. Nevertheless, it
appears that the pillars in the same region have the same height, as can be observed
in Figure 21a, and that the height difference only varies between different positions
on the chip.
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Figure 21: (a) 3D height profile of the pillars. (b) Top-view of the height profile data
acquired with AFM. (c) height profile of the line in Figure (b). The height of the pillars is
approximately 180 nm.
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4.2 The characterization of the 2D TMDC flakes
This section shows the results of characterization of the exfoliated WSe2 and MoTe2
flakes. Analysis of these results provides information about the thickness of the
flakes. Based on the results, it is decided which flakes are transferred on the pillars.
After transfer, the condition of the flakes is inspected with an optical microscope
and Raman spectroscopy. The characterization results of the transferred flakes are
presented later in this section.
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Figure 22: Microscope images of (a) a trilayer and (c) a monolayer WSe2 flake highlighted
with dashed lines. (b) The Raman signal of the trilayer WSe2 flake. The B1

2g peak at 310
cm-1 is small but visible and its height in respect of A1g + E1

2g peak strongly indicates that
the sample is a trilayer [26]. (d) The Raman signal of monolayer WSe2. Non-existent B1

2g
peak and strong A1g + E1

2g peak highly suggest that the sample is a monolayer [26].

Before transferring the exfoliated flakes, they were characterized with Raman
spectroscopy and their room temperature PL spectra were obtained. Figure 22a
shows an exfoliated WSe2 flake. The atomically thin layer is highlighted with a
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dashed line. The results of Raman spectroscopy are presented in Figure 22b. As
can be observed, there is a small peak at 310 cm−1, which corresponds to B1

2g mode
indicating that the sample has more than one layer [26]. The height of the peak
is only one twentieth of the height of A1g and E1

2g peak, which suggests that the
sample is a trilayer [26]. Figure 23 shows the acquired PL signal of this flake and
a monolayer sample. It can be seen that the PL intensity of the flake is roughly a
tenth of that of the monolayer. This also indicates that the sample is a trilayer [26].
Therefore, this sample is determined to be a trilayer. As the trilayer sample has a
poor PL intensity due to the indirect band gap, the capability of this flake to emit
single-photons is not studied.

Figure 22c shows another WSe2 flake. A promising thin region is marked with
dashed lines. The results of Raman spectroscopy are presented in Figure 22d, which
shows a strong peak at 250 cm-1 that corresponds to the merged A1g and E1

2g modes
but no peak is visible at 310 cm-1. This strongly suggests that this sample is a
monolayer. In addition, the strong PL peak shown in Figure 23 supports this
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Figure 23: The PL signal of exfoliated WSe2 samples obtained in room temperature. The
intensity of the monolayer WSe2 flake peaks at 750 nm and has a linewidth of 44 meV.
The other signal belongs to the sample shown in Figure 22a. Its intensity is one tenth of
that of the monolayer flake, and it has a spectral linewidth of 72 meV. This confirms that
the sample is indeed a trilayer [26].
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conclusion [26]. Therefore, the sample is a monolayer and a promising candidate for
single-photon emission.

Exfoliating MoTe2 proved more challenging when compared to WSe2. The
monolayer flakes were difficult to acquire and they were typically small in size. Figure
24a shows an exfoliated MoTe2 flake with a atomically thin region that is highlighted
with dashed line. The results of Raman spectroscopy for this region are shown in
Figure 24b. All three modes A1g, E1

2g and B1
2g can be seen at 170 cm-1, 240 cm-1 and

290 cm-1, respectively. The E1
2g mode has the strongest peak and is approximately

ten times higher than the others. This indicates that the sample has at least two
layers [30].
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Figure 24: Microscope images of (a) a bilayer and (c) monolayer MoTe2 flakes highlighted
with dashed lines. (b) Raman signal of bilayer MoTe2 excited with 633 nm pump laser.
Three peaks that belong to the modes A1g (170 cm-1), E1

2g (240 cm-1) and B1
2g (290 cm-1)

can be distinguished. The E1
2g is the strongest peak. (d) Raman signal of monolayer MoTe2

flake that was excited with a 633 nm pump laser. The A1g peak is now the strongest and
no B1

2g is visible, which strongly indicates that the sample is a monolayer.



46

Another MoTe2 flake is presented in Figure 24c. Again, the thin region is
highlighted with a dashed line. Raman spectroscopy results of this flake are shown
in Figure 24d. It can be observed that the peak that corresponds to the A1g mode is
more intense than that in Figure 24b, and there is no B1

2g peak. Even though the PL
signal of the flake was not measured it is evident that the sample is a monolayer [30].

Transferring of the flakes proved difficult as they did not attach to the pillars quite
as easily. This might be due to the fact that the most transferred flakes contained
some bulk areas that are not as elastic as their few-layer counterparts. In addition,
the pillars increase the roughness of the substrate surface, which reduced the adhesion
forces between the flake and the substrate [70]. Moreover, the few-layer materials
were hard to see with the microscope attached to the micromanipulator, thus, it was
hard to confirm the transfer. As a result several exfoliated flakes were lost.
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Figure 25: (a) The AFM scan profile of the monolayer WSe2 shown in Figure 22c transferred
on top the pillars. (b) The height profile of the pillar that is covered with WSe2 flake
and uncovered pillar. These profiles are highlighted in Figure (a) with white lines. It can
be seen that the height of the uncovered pillar differs from the ones shown previously in
Figure 21, which tells that there are areal inconsistencies in pillar height. What is also
seen in this figure that the height of the covered pillar is much higher than the uncovered
one. This might be due to the fact that the monolayer WSe2 sample is bent on top the
pillars and not fully attached.

Despite the difficulties, the monolayer WSe2 sample shown in Figure 22c was
successfully transferred onto the nanopillars. A microscope image of transferred
flake can be seen in Figure 26a. It appears that the flake is detached from the bulk
material, and it seems that the flake has formed wrinkles due to the stress caused by
the pillars. Additionally, the flake appears to be damaged, most likely during the
transfer process. The wrinkles are also visible in Figure 25a, which shows the AFM
scan of the flake. The wrinkles appear to be centered towards the pillars and the
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Figure 26: (a) The microscope image of the transferred monolayer WSe2 flake shown in
Figure 22c. The flake has detached from the bulk and is slightly damaged. Some wrinkles
caused by the pillars can be seen. (b) The Raman signal of the flake before and after the
transfer. The lines are elevated for clarity. Only difference here is the peak at c.a. 520
cm-1 which belongs to the silicon substrate. Otherwise, A1g + E1

2g peak is similar for both.

their shape is similar to those of previous results [28,29]. Figure 25b shows the height
profile of a pillar that is covered by WSe2 flake and an uncovered pillar. The profiles
correspond the white lines in Figure 25a. The height and width of the covered pillar
are larger, which implies that flake is bent on top of it. Therefore, it is safe to say
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that the wrinkles originate from the strain caused by the pillars and that the sample
most likely has some strain induced SPSs.

Figure 26b shows the Raman spectra of the flake before and after transfer.
They seem identical apart from the peak at c.a. 510 cm-1, which comes from the
silicon substrate. In PL spectra, which is presented in Figure 27, the spectra of the
transferred flake is blue shifted. This is most likely due to the substrate interactions.
Figure 27 also shows the spectrum of the WSe2 flake near a pillar, which is similar
ot that of the bare area apart from the fact that some peaks at higher energies are
more intense. This might have been caused by the applied strain. The linewidth of
the spectral peaks remains roughly the same at around 40 meV.

Transfer for the MoTe2 flakes was unsuccessful, but some thin flakes were found
after transfer. These flakes were located near the desired ones, thus they were
involved in the transfer process. Figure 28a shows a thin MoTe2 flake. The flake has
wrinkles and seems optically very thin. However, the Raman spectroscopy with a
532 nm pump wavelength reveals that the flake has more than one layers as there is
no peak at 170 cm-1. The peak at 290 cm-1 is also small, indicating that the flake is
a multi-layer. As no thinner flakes were successfully transferred, the single-photon
emission properties of this flake were inspected.
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Figure 27: The normalized PL signal of the monolayer WSe2 flake at room temperature
before and after the transfer near a pillar and on bare substrate. The graphs are elevated for
clarity. The signals on the SiO2 substrate are blue-shifted as they have a central wavelength
of 742 nm. Additionally, the intensity of some higher energy peaks has increased near a
pillar.
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Figure 28: (a) An optical microscope image of transferred MoTe2 flake. This flake was not
characterized before transfer but was found after unsuccessful transfer attempt of other
flake. Similar wrinkles can be seen as with the WSe2 flake in Figure 26a (b) The Raman
signal of the MoTe2 flake with 532 nm pump wavelength. The A1g peak is non-existent
and B1

2g peak is relatively small. Strong silicon peak is visible at 520 cm-1

4.3 Low temperature PL measurement result
The PL spectra of the samples are acquired at low temperature in order to find
emission peaks corresponding localized excitons. This section presents the results of
these measurements.
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Figure 29: (a) The PL spectrum of strained monolayer WSe2 sample at low temperature
with pumping power of 50 µW. There are several peaks with low linewidths. The peak
that has the highest intensity has a central wavelength of 751.5 nm and it is marked with
QE in the graph. The locations of an exciton and a trion are also marked with X0 and
X−, respectively. (b) The close-up of the exciton. The exciton has a central wavelength of
709 nm and its linewidth is c.a. 10 meV. (c) A close-up of a trion peak at 725.5 nm. The
linewidth of the trion is approximately 5 meV

The samples were mounted inside a cryostat, which was cooled down to 7 K.
The PL spectrum were obtained using 405 nm pump laser. Figure 29a presents
the acquired PL spectrum of the strained WSe2 flake shown in Figure 26a at 7 K
with a pumping power of 50 µW. It can be seen that the spectrum consists of
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multiple narrow peaks compared to one large peak at room temperature (Figure
27). The strongest peak has a central wavelength of 751.5 nm and is referred to as
QE in the figure. It also has significantly small linewidth, which implies that the
peak corresponds to a localized exciton. The observations agree well with previous
results [28]. There are also other strong and narrow peaks that will most likely
correspond to localized excitons.

In addition to localized exciton, the neutral exciton and trion peaks should also
be observable at low temperature. The previous research has shown that the neutral
exciton should have a central wavelength of 710 nm [10,11, 48]. As can be observed
in Figure 29b, which shows the PL signal with a spectral range of 703–716 nm, there
is a peak that has a central wavelength of 709 nm and a linewidth of 10 meV. These
values agree well with the previous research [10,11]. Figure 29c shows the close-up of
the PL signal for the spectral range of 715–730nm. At 725 nm there is a wide peak
that is distorted by other narrower peaks. Based on the previous results [48, 76], the
peak belongs to a trion.

The PL spectrum was acquired with different excitation powers ranging from
1 µW to 100 µW. The resulted spectra are shown in Figure 30a. It appears that
the intensity of several peaks increases as the pumping power is increased, except
the sharp peaks at 703.5 and 724, which remain the same. Thus, these peaks most
likely originate from the background. Figure 30b shows the measured intensity of the
QE peak at 751.5 nm and a peak at 766.5. It is evident that the intensity starts to
saturate when the power increases. Same phenomenon is also observed for linewidths
of these peaks, which are presented in Figure 30c. Similar behavior has been observed
before for SPSs [4, 8, 11,77] and is typical for defect bound excitons [78]

Figure 31 shows the acquired PL spectrum of the few-layer MoTe2 flake shown
in Figure 28a. The PL spectrum shows distinct peaks at a range of 1135–1140 nm.
However, these peaks were observed also for bare substrate. Therefore, the peaks
most likely come from the silicon substrate underneath the thin SiO2 layer. In low
temperature, silicon has weak PL peaks at this area [79]. Any other significant peaks
were not found in the spectral range of 1000–1300 nm. Most likely the MoTe2 flake
was too thick to emit PL as it consisted of two layers at least. Moreover, MoTe2 has
been discovered to react easily with oxygen and water in the air and because the
sample was not immediately put to a vacuum after transfer, possible reactions with
ambient air might have destroyed the sample [30]. On the other hand, it is possible
that localized exciton peaks were screened by the substrate peaks.

4.4 Time-resolved measurement results
The time-resolved measurements were performed for the peak found at 751.5 nm for
WSe2, which belongs to a localized exciton and is most likely an SPS. This section
shows and discusses the results of these measurements.

First, PL decay curves were measured. Figure 32a shows the data acquired with
τ -SPADs, which are more efficient but larger timing resolution, and fitted decay curve.
From the fit, a time constant of 1.726 ns is acquired using Equation 34. This value
accords with that observed before for SPS in WSe2 [11]. Figure 32b shows, the same
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Figure 30: (a) The PL spectra of the monolayer WSe2 flake with different pump powers.
(b) The intensity and (c) the linewidth of the peaks at 751.5 nm and 766.5 nm in respect to
the pump power. It can be seen that both the intensities and the linewidths of the peaks
start to saturate as the pump power increases.

measurement with PDMs, which have better timing resolution but are less efficient.
Fitting of this data gives a time constant of 0.597 ns, which is roughly a third of the
one given by the other set. The difference might come from the poor timing resolution
of the more efficient set, even though their result matches that observed before. The
results from previous research are for unstrained SPSs, thus, it might be that strained
SPSs have slightly lower time constant [11]. Moreover, the measurements were taken
at different time and the pump laser and the monochromator had to be realigned,
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Figure 31: The PL spectrum of the MoTe2 flake shown in Figure 28a with a pumping
power of 50 µW. The signal is similar when taken from the bare substrate, which strongly
suggest that the PL peaks seen in the spectrum belong to the silicon substrate.

which may have changed the measured peak to another one that is close to 751.5
nm, for instance to the one at 749.5 nm. In any case, the time constant is of the
order of nanoseconds, which is typical for localized exciton [11]. Free excitons and
trions have time constant of several picoseconds [50]. Therefore, it is safe to say that
the PL peak at 751.5 belongs to a localized exciton.

Unfortunately, the second order correlation measurements were unsuccessful. This
is probably due to low intensity of the emission peaks. Additionally, there were small
variations in the spectrum, which could be caused by the small pumping vibrations in
the cryostat. These small variations make long-lasting measurements, such as second
order correlation measurements, challenging as the spectrum is constantly changing.
Nevertheless, the linewidth of the peak and the length of PL decay strongly indicate
that the peak at 751.5 nm is an SPS.
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Figure 32: The PL decay data taken with (a) Picoquant SPAPDs and (b) MPD SPAPDs.
The time constant of the fit in (a) is 1.726 ns, which matches those obtained in previous
research [11]. In (b), the fit gives a lower time constant of 0.597 ns, which is a third of that
given by (a)
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5 Summary and the future work
The single-photon emission capabilities of strained WSe2 and MoTe2 were investigated.
The strain was applied by using an array of nanopillars, which were fabricated using
EBL and RIE, resulting in pillars with a diameter and height of 300 nm and c.a.
180 nm, respectively. Mechanically exfoliated 2D WSe2 and MoTe2 samples were
transferred onto the pillars creating stress points at the pillar locations. The flakes
were characterized with an optical microscope and Raman spectroscopy before and
after the transfer. The exfoliation process was successful as monolayer samples
were obtained for both materials. However, only the monolayer WSe2 sample was
successfully transferred on the pillars. Due to the increased surface roughness caused
by the pillars, the transfer process proved difficult, and the monolayer MoTe2 sample
was not transferred. Nevertheless, a few-layer MoTe2 sample was transferred and
although its PL properties are not as good as those of a monolayer, its capability to
emit single photons were measured.

In order to find SPSs in the flakes, their PL spectra were measured in low
temperature. The spectrum of the WSe2 flake showed strong and narrow peaks,
which are typical for SPSs. Even though, the second order correlation of the peak at
751.5 nm was not measured, the other properties (central wavelength, the intensity
saturation behavior and the time constant of the PL decay) strongly suggest that
it corresponds to an SPS when compared to previous results. There were other
promising peaks in the spectrum but only the strongest was inspected. As for the
few-layer MoTe2 sample, no peaks were found from the PL spectrum. This might
be due to the relatively large thickness of the MoTe2 flake as the PL signal is weak
for sample with more than two layers. Additionally, the MoTe2 is unstable against
chemical reactions with the substances in environment. As the sample was not
stored in the vacuum after exfoliation or encapsulated with a protective layer, such
as hBN, it might have degraded significantly before PL measurements. Therefore,
the results of this thesis do not rule out the possibility to get single-photon emission
from MoTe2, and further investigations are required to demonstrate the possibility
to obtain single-photon emission from MoTe2.

To improve the results for MoTe2, larger samples should be exfoliated and trans-
ferring should be more precise in order to transfer a monolayer or even bilayer sample,
which should also have good PL properties [31]. In addition, due to the instability
of the material, it should be encapsulated with a protective layer immediately after
exfoliation and transfer. The substrate material should also be reconsidered.

It has been verified that by creating stress points to monolayer WSe2, one can
artificially create spatially localized SPSs. This facilitates more extensive further
investigation and scalability of these sources. However, the SPSs in TMDCs emit
light only in visible range and require low temperature hindering their usability in
real-world applications. In this case hBN could be a potential candidate due to its
ability to emit single photons at room temperature [4, 58]. Nevertheless, due to the
spin–valley coupling and high PL yield, the TMDCs provide an interesting platform
for the SPSs.

The future work could include an investigation of the possibility of implementing a
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similar structure to an optical cavity or waveguide. This would also allow application
of the SPSs to integrated quantum photonics. Additionally, one can study the
tunability of the single-photon emission by varying a strain-gradient with different
nanostructures. Furthermore, as the quantum information of a photon can be
transferred to a plasmon [80], efficiently combining SPSs with plasmonic circuits
allows more compact devices for quantum computation.
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