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Zusammenfassung
Den Schwerpunkt dieser Dissertation bilden Photolumineszenz (PL)-untersuchungen von drei Halb-
leitermaterialien: Silizium-Nanopartikel, WS2-Monolagen und BODIPY- Mikrostäbchen. Silizium
Nanopartikel (Durchmesser 3 nm) gehören zu den sogenannten Quantenpunkten, d.h. sie zeigen in
diesem Größenbereich Quanteneffekte. WS2-Monolagen gehören zur Klasse der zweidimensiona-
len Halbleiter und BODIPY-Mikrostäbchen zur Klasse der organischen Halbleiter.

Die Emissionseigenschaften von Siliziumnanopartikeln (SiNP) wurden mittels PL Spektrosko-
pie untersucht. Die SiNP-Ensembles zeigten eine breite PL-Emission, deren Breite durch die Grö-
ßenstreuung bedingt ist. Sie zeigten außerdem ein gestrecktes exponentielles PL-Abklingverhalten.
Die SiNP wurden auf Si/SiO2-, Ag- und Au-Substrate zur Untersuchung ihrer Wechselwirkung
mit den Substraten abgeschieden. Kleine Agglomerate hatten eine PL-Lebensdauer von 54 µs
auf Si/SiO2-Substrat, welche deutlich auf 37 µs bzw. 32 µs reduziert wurde auf Gold- und Sil-
bersubstraten. Diese Reduktion der PL-Lebensdauer ist auf den SEF-Effekt (Surface Enhanced
Fluorescence) zurückzuführen. Es zeigte sich, dass Silber am besten geeignet ist, um die PL von
SiNP zu verstärken. Infolge dieser Verstärkung konnten spektroskopische Untersuchungen an Si-
Einzelpartikel auf einer Silberoberfläche durchgeführt werden. Einzelne SiNP „blinkten“, was auf
das Vorhandensein einer Auger-Rekombination im Nanopartikel zurückgeführt wird. Statistiken
der ’An’ und ’Aus’ -Zeiten folgen einem Potenzgesetz. Auch spektrales Wandern von einzelnen
SiNP wurde beobachtet, welches auf den Quantum Confined Stark Effect zurückzuführen ist.

Es wurden zwei Chargen von WS2-Monolagen, die durch chemische Gasphasenabscheidung
gewachsen wurden, mittels temperatur- und anregungsleistungsabhängiger PL-Spektroskopie un-
tersucht. PL-Spektren, die bei niedrigen Temperaturen aufgenommen wurden, zeigen neben der
exzitonischen Emission eine zusätzliche defektkorrelierte Emissionsbande. WS2-Monolagen aus
der ersten Charge zeigten bereits nach dem Wachstum eine defektkorrelierte Emissionsbande (D0),
während dies für Charge zwei nicht der Fall war. Durch Bestrahlung der WS2-Monolagen mit
verschiedenen Xe30+ -Ionenflüssen wurden unterschiedliche Defektdichten erzeugt. Charge eins
zeigte danach die gleiche Emissionsbande wie zuvor und Charge zwei zeigte zwei neue defekt-
korrelierte Emissionsbanden D1 und D2. Mittels anregungsleistungsabhängiger PL- und anschlie-
ßenden Temperaturzyklen wurden alle diese defektkorrelierten Emissionen verändert und Defekte
unter hoher Laserleistung (1 mW) z.T. umgewandelt. Ein möglicher Ursprung der defektkorrelier-
ten Emission wird diskutiert.

Die PL-Spektroskopie mikrometergroßer kristalliner BODIPY-Stäbchen zeigte, dass jedes Stäb-
chen charakteristisches, sichtbares Licht unterschiedlicher Farbe emittiert. Für eine Sorte wurden
optische Heterostrukturen, d.h. spektral unterschiedlich emittierender Bereiche innerhalb eines ein-
zigen Stäbchens, beobachtet. Raumtemperatur PL-Spektren von grünen und roten Stäbchen zeigten
mehrere Lumineszenzbanden, die auf das Vorhandensein von Mikrodomänen hindeuten. Tempera-
turabhängige PL-Messungen untermauerten dies, da mit sinkenden Temperaturen die rote Emissi-
on abnimmt und die grüne Emission zunimmt. Diese Beobachtungen werden mittels eines Modells
basierend auf kristallinem Polymorphismus diskutiert. PL im grünen Spektralbereich zeigte eine
Reihe von scharfen Linien bei Energien, die einer 1/n2 -Beziehung folgen. Ein solches Verhalten,
das von Rydberg-Atomen und Wannier-Exzitonen bekannt ist, wurde hier nicht erwartet. Emissio-
nen mit den Hauptquantenzahlen von n = 3 bis n = 16 wurden beobachtetet. Diese Beobachtungen
werden anhand des Wannier-Exzitonenmodells untersucht.
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Abstract
This dissertation mainly contains photoluminescence (PL) studies of three semiconductor material
systems: silicon nanoparticles, WS2 monolayers and boron-dipyrromethene (BODIPY) micro-
rods. Silicon nanoparticles (diameter ≈ 3 nm) are quantum dots, that is, they show quantum con-
finement at this size regime. WS2 monolayers are two-dimensional semiconductors, and BODIPY
micro-rods are organic semiconductors.

The emission characteristics of silicon nanoparticles (SiNP) were investigated via PL spec-
troscopy. An ensemble of SiNP shows broad PL emission, with broadness due to size dispersion
and exhibit a stretched exponential PL decay behaviour. The SiNP are deposited on Si/SiO2, Ag
and Au substrates to study their interaction with the substrates. Small agglomerates have PL life-
time of 54 µs on Si/SiO2 substrate, which was reduced to 37 µs and 32 µs on gold and silver
substrates respectively. This reduction in the PL lifetime is due to the surface-enhanced fluores-
cence (SEF) effect. We show that, silver is best suited to enhance the PL of SiNP. As a result of
this enhancement, single particle spectroscopic studies could be performed on SiNP on a silver
surface. Single SiNP show PL blinking and this is attributed to the presence of Auger recombi-
nation in the nanoparticle. Statistics of ’on’ and ’off’ times reveal a power law behaviour. Also,
spectral jittering of the PL from single SiNP was observed which is due to quantum-confined Stark
effect.

Two batches of WS2 monolayers grown via chemical vapour deposition were investigated via
temperature and excitation power dependent PL spectroscopy. Low temperature PL spectra show,
besides excitonic emission, an additional emission band due to a defect bound exciton recombi-
nation. Pristine WS2 monolayers from batch one show intrinsic defect bound emission band (D0)
while batch two shows no defect bound emission at low temperature. Different densities of defects
were introduced by irradiating the WS2 monolayers with different fluences of Xe30+ ions. Batch
one shows the same defect related emission band as before and batch two show two defect bound
emission bands D1 and D2. With excitation power dependent PL and temperature cycles, all these
defect bound emission were altered and defects were partially transformed with high laser power
(1 mW) exposure. A possible origin of the defect bound emission is discussed.

PL spectroscopy of micrometer-size BODIPY crystalline rods reveal that each rod displays
characteristic visible light emission of different color. In a particular case, optical heterostructures
with discrete, differently colored sections are observed within a single micro-rod. PL spectra of
green and red rods at room temperature show multiple contributions, indicating the presence of
micro domains. Temperature dependent PL measurements further confirm this, as red emission
decreases and green emission increases at lower temperatures. These observations are discussed
as a result of crystalline polymorphism. PL from the green region of the spectrum show a set
of peaks with energies that follow a 1/n2 rule. Such behaviour is known from Rydberg atoms
and Wannier excitons, but it is unexpected for the present PL study of organic semiconductors.
Emissions from the principal quantum levels up to n = 16 and down to n = 3 were observed. These
findings are discussed using the Wannier exciton model.
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Introduction

Technologies related to micro- and nano- structured materials come under the well known bracket
called nanotechnology. Nanotechnology has revolutionized a lot of products starting from phones,
televisions etc of an individual to the use of nanotech in large industries. Also, looking at very
small things paved the way towards interesting science. For example, bulk gold appears yellowish
in colour, but, gold nanoparticles are red in colour due to surface plasmon resonance. [Anderson99]
Noble metals are well known for their catalytic behaviour, [BOND74] nanoparticles of such metals
are even a better catalyst than their bulk due to larger surface to volume ratio. [Pei19, Xu15] Mov-
ing on from metals to semiconductors; semiconductor materials are the most important component
in any electronic device. The most exploited semiconductor so far is silicon, all the electronic de-
vices are based on silicon and hence the name Silicon valley came about for an area in California
where most of the tech companies in today’s world are based. Besides silicon with its indirect
bandgap [Cardona66], there are several other direct bandgap semiconductors such as GaAs, CdSe,
etc [Richard04] in use today especially in the field of optoelectronics. Nanoparticles of these
semiconductors have different bandgap values according to their size compared to that of their
bulk counterparts. Direct bandgap semiconductors with bandgap values in the visible range are
robust and excellent light emitters. [Klimov10] Different bandgaps indicate differently coloured
light, this led to the invention of LEDs. Whilst green and red LEDs were known for decades, the
challenge of producing efficient blue LEDs were only solved recently, for which a Nobel prize was
awarded in the year 2014. A combination of red, green and blue light gives a white light, hence,
energy and cost-effective white LEDs can be produced. Semiconductors in the nano-regime can
undergo what is known as quantum confinement effect, hence these materials are called quantum
dots (QDs) if they are quantum confined in all three dimensions. As a result, bandgap widens and
bands become single energy levels (QDs are also called artificial atoms), resulting also in single-
photon emitters. [Klimov10] This is crucial for developing quantum devices such as a quantum
computer. [Lent97] Also, QDs such as CdSe are excellent light emitters and like every QDs, show
size-dependent bandgap and light emission properties. This property has been exploited in the
television technologies for better color contrast and since it is an array of nanoparticles, curved
televisions can also be produced. CdSe, however, contains heavy metal and are toxic to the liv-
ing being. [Godt06] These materials should be replaced by non-toxic, luminescent materials. It
would be interesting to replace these with silicon technology, where currently, efforts are made to
epitaxially grow III-V semiconductors directly on silicon. Also, silicon nanoparticles might open
another route to improve the light emitting properties of silicon. In part II of this thesis, we try to
improve the light emission of silicon by using silicon nanoparticles (SiNP) and additionally using
metal films that can enhance the radiative rate of SiNP. Single particle spectroscopy of SiNP was
also performed to understand the luminescence properties of single SiNP. Nanotechnology also
includes two dimensional (2D) materials such as graphene. Graphene is a single layer of carbon



and has SP2 hybridized bonds between them, it is a zero bandgap material and theoretically has
excellent conductivity and is much stronger than steel. [Frank07, Neto09] Graphene is expected
to be a crucial component in electronics and already has been used in many industries e.g textile
industries. [Alonso18] In the field of electronics, materials with suitable bandgaps are needed to
build the necessary devices. Transition metal di-chalcogenide (TMDC) monolayers are a class of
materials, that are three atoms thick and has a direct bandgap at the K-point in the Brillouin zone.
Different TMDC monolayers can exhibit different bandgaps, use of these monolayers in stacks can
result in excellent electronic devices due to easy integration of material combinations of metal-like,
semiconducting or insulating sheets, opening up an enormous playground. [Wang12, Withers15]
They are expected to be an upgrade to the present day electronics along with miniaturization. But,
one massive obstacle in realizing the potential of these materials is the defects present in them,
which hinders both their optical and transport properties. In part III, defects in WS2 monolayers
are studied via temperature and power dependent photoluminescence (PL) spectroscopy, and we
show that defects can also be transformed by simple exposure to higher powers (≈ 1 mW) of laser
light. For almost every inorganic material based devices, organic materials could also be used.
Organic electronics are still on the rise, especially in photovoltaics. One of the major challenges
in working with organic materials compared to an inorganic counterpart is that the bandgap engi-
neering in inorganic semiconductors are well studied and established. [Fox17] In part IV of this
thesis, we study the optical properties of BODIPY micro-rods. BODIPY is a class of organic dye
molecules that have found much interest in the field of laser technology, solar cell concentrators,
fluorescent labels, LEDs and chemical sensing. [Ehrenschwender11, Monsma89, Shah90, Altan
Bozdemir11, Tang87] In this thesis, polymorphism in a single crystalline micro-rod is studied in
detail using photoluminescence spectroscopy.

The dissertation can be divided into five parts containing eight chapters and are structured as
the following:

• Part I contains two chapters describing the basics of photoluminescence spectroscopy and
the experimental set-up used.

– Chapter 1 describes the essential theory about photoluminescence (PL), band struc-
tures, interband luminescence, and excitons. The descriptions are general and are es-
sential for understanding the specialized theories described in the following chapters.

– Chapter 2 contains the main experimental set-up (µ-PL) used. All the components of
the set-up are described in detail.

• Part II contains two chapters containing the results from the investigation of PL from silicon
nanoparticles with flourine shell.

– Chapter 3 contains the results and discussion from the spectral and temporal PL studies
of SiNP in the vicinity of metal films.

– Chapter 4 is an extension of chapter 3, where results from single particle spectroscopic
studies of SiNP are discussed.

• Part III contains one chapter containing the results and discussion about defect-bound PL
emissions from WS2 monolayers.
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– Chapter 5 contains the defect-related PL studies of WS2 monolayers. The nature of the
optically active defects and laser induced defect engineering have been studied in this
chapter.

• Part IV contains two chapters containing the spectroscopic characterization of BODIPY
semiconducting micro-rods.

– Chapter 6 contains the spectroscopic characterization of green and red emitting BOD-
IPY rods and the discussion of the results.

– Chapter 7 is an extension of chapter 6 in which the observation of Rydberg like states
in the green emission band of the BODIPY rod is presented.

• Part V contains chapter 8, where results from the previous chapters are summarized and a
possible outlook for further work is given.
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General Introduction
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Chapter 1

Basics of photoluminescence spectroscopy

In this chapter, the theory of photoluminescence (PL) spectroscopy is explained using solid semi-
conducting systems. Contents and figures in this chapter were taken from the books from [Yu10]
and [Fox02].

1.1 Photoluminescence

The spontaneous emission of light as a result of a system transitioning from an excited state to
a ground state is called luminescence. There are different types of luminescence depending on
the excitation of the system to excited states, for example, electro-luminescence, where a system
is excited electrically or photo-luminescence where excitation is due to absorption of photons.
There are a variety of parameters that influence the luminescence characteristics like the system
under study, temperature, and the states (excited and ground) that can be discrete like in atoms and
quantum dots or a band like in bulk semiconductors.

Figure 1.1 shows an overview of the different processes involved in photo-luminescence. PL
involves, firstly, the excitation of the charge carrier from the ground state to the excited state leaving
a hole in the ground state. In most cases, the excitation energy is much larger than required thus
resulting in a higher excited state of the system. Secondly, the excited charge carrier relaxes to the
lowest point of the conduction band in case of semiconductors or lowest excited discrete level in
case of atoms and quantum dots, this process is called the relaxation process. Lastly, the excited
charge carrier spontaneously relaxes into the ground state (with holes in it, else, Pauli’s exclusion
principle will prevent this process) via emitting a photon in due process (radiative recombination).
Note, not all the transitions will result in photon emission, some relax non-radiatively without
photon emission.

In the case of two-level system, the spontaneous emission rate depends on the number of ex-
cited charge carriers (N) and the radiative rate at which these charge carriers relax into the ground
state. This relation is given in equation 1.1 where Γr is the radiative rate and Knr is the non-radiative
rate.

dN
dt

=−(Γr +Knr)N (1.1)
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1.2. BANDSTRUCTURE

tNR tR
excitation hn

Excited state

Ground state

relaxation

Figure 1.1: Schematic representation of PL in a solid semiconductor, black solid circles represent
electrons and white solid circles represent holes.

N(t) = N(0)e(−(Γr+Knr)t) = N(0)e−(
1
τr +

1
τnr )t (1.2)

The solution to this rate equation is given in equation 1.2 where N(t) is the number of excited
charge carrier at time t, N(0) is the number at time t = 0, Γr is the radiative rate and inverse of
which is the excited state radiative lifetime τr.

1.2 Bandstructure
As mentioned earlier, this thesis deals with semiconducting systems (Si, WS2 monolayers and
BODIPY rods) and hence to study the PL from these systems, it is imperative to understand the
bandstructure in a semiconductor system. Atoms and molecules have discrete occupied and unoc-
cupied energy levels and these atoms and molecules grow or pack in a certain way to form crystal
structures. These atoms have their distinct atomic/molecular orbitals. And when they are specif-
ically placed in their positions in the crystal (lattice) at certain distances and direction from each
other, new sets of energy levels and more often bands are formed as a result of the linear combi-
nation of those atomic orbitals (LCAO) which is in fact a method for bandstructure construction
(using the interaction between atomic states/orbitals). The calculation of bandstructures are ex-
plained in detail in several books (content in this section were taken from [Yu10]) and is beyond
the scope of this thesis, just to provide a gist, electronic wavefunctions are solved with the help of
rotational and translational symmetry of the ideal crystal lattice. The electrons in the crystal lattice
follow the Schrödinger equation 1.3 and the hamiltonian is given in equation 1.4 in a one electron
time-independent picture.

Aswin Asaithambi 3



1.3. INTERBAND LUMINESCENCE

He(ψ(~r)) = E(ψ(~r)) (1.3)

He =−
h̄2

2m
∇

2 +V (~r) (1.4)

ψk(~r) = eik~ruk(~r) (1.5)

Applying the symmetry operation, due to the invariance upon symmetry operations in crystals
reduces the complexity of calculating the band structure. When a particle moves in a periodic
potential (V(~r)) its wavefunction can be expressed in the form of Bloch functions as described
in equation 1.5 where uk(~r) is the periodic function with the same periodicity as V(~r) and ψk(~r)
is known as Bloch function. This is the basis for several different models to calculate the band
structure of a semiconductor (for example LCAO method, k.p method, etc). For this thesis, only
the top most filled band called valence band and the lowest empty band called conduction band
separated by a bandgap are important, the bandgaps of the semiconductors studied in this thesis
are in the order of 1-2 eV depending on the system.

1.3 Interband luminescence
Most conventional semiconductors such as GaAs and CdSe have a direct bandgap at the Γ- point
in momentum space. Most 2D materials such as transition metal di-chalcogenide monolayers have
a direct bandgap at the K point in momentum space, which is described in slightly more detail in
chapter 5. Silicon, on the other hand has its valence band maximum at the Γ- point and conduction
band minimum in between the Γ- point and the X- point in momentum space, this makes the
excitation and emission process different to that of semiconductors with a direct bandgap given the
momentum difference between the valence band maximum and the conduction band minimum in
indirect bandgap semiconductors.

4 Aswin Asaithambi



1.4. EXCITON
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Figure 1.2: PL excitation and emission process in (a) direct band gap semiconductor and (b) indi-
rect band gap semiconductor. Note that this is just a schematic, phonon emission is shown in the
schematic, absorption is also possible.

Figure 1.2a shows the excitation and emission behaviour in a direct bandgap semiconduc-
tor with bandgap Eg and Figure 1.2b shows the excitation and emission behaviour in an indirect
bandgap semiconductor with the bandgap Eg. In case of direct bandgap semiconductors, the op-
tical excitation process involves absorption of a photon with energy larger than the bandgap and
thereby transfer energy and momentum to the electron in the valence band to overcome the bandgap
to reach the conduction band. Because the momentum transferred from the photon is much less
than possible electronic momentum within the Brillouin zone, the electron and hole have the same
momentum after the transition which is zero in case of the Γ- point. The emission process oc-
curs similarly and the excited state lifetime is usually in the order of few nanoseconds. In case
of indirect bandgap semiconductors, valence band maximum and conduction band minimum are
at different points in the Brillouin zone, that means, conservation of momentum requires that a
phonon must either be emitted or absorbed during the excitation and emission process. Such re-
quirements make the transition probability small and make them a poor light emitter and absorber
when compared to a direct bandgap semiconductor. Excited state lifetime is usually larger and
depends heavily on the temperature. For example, Si at room temperature has an excited state
lifetime in the order of microseconds and at low temperature (10 K) in the order of milliseconds.

1.4 Exciton
In the previous sections, it was said that the excitation process results in the accumulation of
electrons in the conduction band and holes in the valence band. The coulomb attraction in these
situations had been neglected. Because of the attractive force between electron and hole, they tend

Aswin Asaithambi 5



1.4. EXCITON

to stay together making them a quasi-particle called exciton.

Figure 1.3: (a) Free exciton or Wannier-Mott exciton in a solid and (b) tightly bound exciton or
Frenkel exciton in a solid.

Excitons are observed in a wide range of materials, there are two basic types of excitons:
Wannier-Mott exciton or free exciton (see Figure 1.3a), Frenkel exciton or tightly bound exciton
(see Figure 1.3b) and there is a third kind called Rydberg excitons, which essentially is a Wannier-
Mott exciton in higher principal quantum states, where the electron-hole separation is much larger
than that of the ground state. The binding energy of the Wannier-Mott exciton of≈ 10 meV is much
lower than that of the Frenkel excition (≈ 200 meV). Due to this fact, observation of the Wannier-
Mott exciton (in semiconductors such as GaAs, CdSe etc.) recombination at room temperature is
slightly improbable as the thermal energy with temperature (T) goes as kBT (≈ 25 meV at RT)
provides enough energy to split the electron and hole. In case of a Frenkel exciton, electron and
hole do not see the lattice as one dielectric, it is rather tightly bound to one atom or molecule
in the lattice, Frenkel excitons are more commonly observed in organic semiconductors. In free
exciton model or weekly bound exciton (Wannier-Mott exciton), the electron-hole separation is
much larger than the inter-atomic distance and thus, it is a good approximation to average the
detailed structures of atoms between electron and hole and consider the exciton as a free moving
particle in a dielectric medium. Thereby, interaction in a free exciton model can be considered
as that of a hydrogenic system. The internal structure of the movement of electron in a hydrogen
atom is given by the equation 1.6 (via the Bohr model), which will be discussed in detail in chapter
7. RH is the Rydberg constant of 13.6 eV and n is the principal quantum number. In case of a
free exciton, since the exciton moves in a dielectric, equation 1.6 is then modified to equation 1.7,
where µ is the reduced mass, εr is the relative dielectric constant and RX is the effective Rydberg
constant or exciton Rydberg constant.

E(n) =−RH

n2 (1.6)

E(n) =− µ

m0

1
ε2

r

RH

n2 =−RX

n2 (1.7)
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The energy of the exciton created, including the Coulomb interaction is given by the equa-
tion 1.8. The optical probing of these principle quantum states in semiconductors have been real-
ized, for example, via transmission spectroscopy and absorption spectroscopy in Cu2O. [Kazimier-
czuk14] Chapter 7 discusses such principle quantum states in BODIPY rods with PL spectroscopy.

En = Eg−
RX

n2 (1.8)

Coulomb interaction between the electron and hole in the exciton effectively reduces the optical
transition energy as described in equation 1.8. Therefore the energy of an exciton recombination
is always less than the bandgap energy of the semiconductor.

Figure 1.4: Schematics of different excitonic complexes (exciton (X0), trion (X(+/−)) and biexci-
ton (XX)) and their energy levels in a semiconductor.

In optical spectroscopy, for a direct bandgap system, there is a finite probability of observing
exciton complexes such as trion and biexciton, which shows different transition energies due to
the further coloumb interaction with the additional charges. Figure 1.4 shows the schematics of a
typical semiconductor that shows exciton, trion and biexciton in them. Depending on the size of
the semiconducting system, it is possible to observe these complexes in the PL spectroscopy. For
example, if the size of the semiconducting system is sufficiently small, i.e., in case of quantum dots,
recombination of such complexes may result in non-radiative Auger recombination, which is one
of the reasons for PL intermittency in a single quantum dot. This phenomenon is explained in detail
in chapter 4. In case of 2D semiconducting materials such as WS2 (the study of WS2 explained
in chapter 5), exciton binding energy is large due to less dielectric screening, PL emission due
to trions and biexcitons is rather a common sight in a large semiconductors structures such as
quantum wells as the size is constrained only in one dimension.
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Chapter 2

Experimental set up

The experimental set-up is described in this chapter. Photoluminescence spectroscopy had been
the main technique used in this thesis, for getting an insight into the different nano and micro
semiconducting structure. The PL facility used is a micro PL set-up. A schematic of the set-
up is shown in Figure 2.1. As explained in the previous chapter 1, regarding the theory of PL
spectroscopy, it requires three main components to perform the PL measurements: an excitation
source, a system that interacts with the incident light and a detector that senses the emitted light.
To explain the set-up in more detail, different components of the set-up described in the schematics
in Figure 2.1, shall be explained from the excitation to the detection of the emitted photon.

Starting with the excitation source, there are four different lasers available, two green lasers
(532 nm) and two blue lasers (405 nm). Although only two of them had been used for the experi-
ments described in this thesis, those are Oxxius LMX-532S-300 series solid-state continuous wave
(CW) laser with up to 300mW excitation power at 532 nm and a Linos model Nano 250 CW diode
laser at 405 nm. In each case, the excitation photon/laser light is coupled into a single mode opti-
cal fiber (2.5 µm core diameter). The use of optical fibers allows more flexibility in the set-up as
they can be moved around without disrupting the entire alignment. On the downside, these fibers
have a breaking threshold of 3 mW and hence, the maximum excitation power had been limited
to 1.5 mW for any experiments involving the single mode optical fiber. These in-coupled streams
of photons are continuous waves, i.e., there is a constant flow of photons. For time resolved PL
decay measurements, a pulsed laser is a requisite. For pulsing the green excitation source, which
is used in chapter 3, the photons from the CW laser pass through an acousto optical modulator
(AOM), where the CW laser light are pulsed (with pulse duration of 200 ms and total time of 1500
ms before the next pulse) and coupled into a single mode optical fiber.

The optical fibers are then guided and fixed to the respective arms for the green in top and blue
in bottom of the microscope head as shown in Figure 2.1. Light from the fibers is collimated using
an 4X objective in the excitation arms and goes through a line filter that filters out the non-resonant
modes of the laser. The only difference is that a grey filter wheel for excitation power modulation
is placed in the arm, after the 4X objective for the blue light whereas the filter wheel is placed
in front of the laser itself before the in-coupling of light into the fiber, in case of the green light.
The laser light is then incident on steep-edge dichroic for the green or blue laser, respectively. At
the dichroic, 99.8 % of laser light is reflected downwards to a 50X ultra long working distance
objective with a numerical aperture (NA) of 0.5, which can be moved in the z-direction to change
focus. This objective lens has a working distance of 13 mm, which is unusually large for a 50X
objective.
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Figure 2.1: Schematic of the PL spectroscopy set-up, description of the set-up is explained in detail
in the text.

The second component is the system/material under study in different environments. One
of the main advantages of this set-up is that, the system/sample can be placed under different
conditions by just having different stages. To emphasis a little more on this flexibility, the sample
can be placed on an electrically driven motor stage with multiple degrees of freedom, the sample
can be placed in a cryostat or a micromanipulator can be used etc. The work explained in this
thesis involves, mainly two stages. One is the motor controlled stage with two degrees of freedom,
where RT measurements can be performed on an encoded electrically driven stage, which allows
us to make PL maps and the other is a continuous He/N2 flow cryostat for low temperature PL
measurements, with an uncoded piezo driven stage making PL maps much more difficult.

The process of PL explained in chapter 1 means, the focussed laser light is absorbed by the
sample and emits light with reduced energy (at longer wavelengths). The emitted light is collected
and parallelized by the same 50X objective lens which is again incident on the dichroic but, only
this time the beam splitter is >90 % transparent for the emitted light and reflects 99.8 % of the
laser light. Transmitted light can be observed with an optical microscope camera at the top. Using
an internal flip mirror, the light is guided through a long pass filter which further suppresses the
laser light. Light passes through a Galilei telescope and focussed at the center of the entrance
slit in front of the spectrometer (Acton Research SpectraPro 2500i with 500mm focal length in a
Czerny-Turner Geometry).

The spectrometer is equipped with two different gratings to spectrally resolve the emitted light
and a mirror to image the sample (which is used in chapter 4). The two gratings are 150 gr/mm with
blaze wavelength 800nm for coarse grating with a resolution of 0.2640 nm and 1200 gr/mm with
blaze wavelength 500nm fine grating with a resolution of 0.029994 nm. The spectrally resolved
light falls onto a Princeton Instruments Spec-10-CCD with 1340×400 pixels for a steady state
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spectrum of the PL emission. For time resolved decay measurements, the spectrally resolved
emission light is coupled into a multi mode fiber which is connected to an avalanche photo-diode
(APD) (PerkinElmer, SPCM-AQR-14-FC 12858), where single photons are counted. For spectral
studies, Winspec software is used to provide command and get the return from the CCD and
spectrometer. Nanoharp from picoquant is used for reading the signal from the APD.
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Optical spectroscopy of Silicon
nanoparticles
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Chapter 3

Spectral and temporal photoluminescence
of ensemble silicon nano-particles in the
vicinity of metal films

3.1 Motivation

Silicon is one of the most abundant element present on earth. Due to its semiconducting nature
with a bandgap of≈1 eV, it has profound use in the field of electronics. Almost, all of the electronic
devices present in today’s world are silicon based, hence the name "silicon valley" was coined for
the place with tech companies in California USA. Quantum dots (QDs) have enormous potential
to be realised in the computation sector [Grover97,Bennett00,Meier03], but, after the discovery of
II-VI QDs, [Brus84] such as CdS, CdSe, etc. researchers turned their attention towards light emit-
ting devices as well [Schlamp97,Manders15]. One excellent example is the use of CdSe in the QD
television for better color contrast used by the manufacturer Samsung and others (e.g Sony). QDs
such as CdSe show excellent ensemble and single particle quantum efficiency making them front-
runners for light emitting devices barring the toxic nature of Cadmium. Silicon albeit has poor
quantum efficiency and indirect bandgap nature in bulk, [Royo17] if improved, can be an excellent
candidate for optoelectronic devices as most semiconductor devices in use are silicon based. Cur-
rently, there is a growing interest in manipulating silicon to be an excellent light emitter. [Yao15]
There are several ways reported by which, luminescence properties of silicon can be improved, for
example, introduction of certain defects can facilitate radiative recombination, [Murata11, Min96]
most important idea was to exploit the quantum confinement effect as silicon becomes a quantum
single emitter with improved quantum efficiency. [Royo17] This was first observed in porous sili-
con fabricated via etching of silicon wafers. It was found that, as the etching time was increased,
pores were getting bigger resulting in smaller quantum dots with improved luminescence show-
ing size dependent optical emission properties. [Pellegrini95,Delerue93] Decrease in excited state
lifetime was also observed as the size of the quantum dots were decreased. The plausible reasons
are still under debate on whether or not we see a direct transition for smaller quantum dots. It was
predicted by that, silicon quantum dots with bandgap greater than 2.5 eV could yield the possibility
of direct optical transitions. [Royo17] The smaller the size gets, there is a significant increase in the
surface to volume ratio, which means, at smaller scale regimes surface phenomena/passivation will
have massive influence on the optical properties of these silicon nano-particles. [Ledoux01,Eyre08]
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3.2. BAND STRUCTURE

The dangling bonds on the surface create deep level states which could potentially result in a non-
radiative decay or shift the emission to lower energies. [Wolkin98] It has been observed that partial
oxygen termination for smaller SiNP results in a red shift in the emission until about a certain size.
More exposure to oxygen can lead to oxidization of the core silicon atoms thus resulting in reduced
core size and thereafter a blue shift in the emission of the SiNP. [Eyre08] Surface passivation also
influences the temperature-dependent luminescence properties of these SiNP where Suemoto et al
found that for oxygen terminated SiNP, maximum luminescence was found at around 70K. [Sue-
moto94, Lüttjohann07] Daniel Braam in their thesis reproduced the same result for oxygen ter-
minated SiNP and found that for fluorine terminated SiNP forming fluorinated shell, which have
been studied as a part of this thesis, maximum luminescence was observed to be closer to room
temperature as fluorine-silicon (F-Si) bond is stronger than O-Si or H-Si, hence it can also prevent
oxidation and its excellent room temperature luminescence is worth considering for semiconductor
devices. [Braam16,Lüttjohann07] Fluorinated SiNP with maximum luminescence still have longer
excited state lifetime and SiNP or any fluorophore as a matter of fact, with the correct metal film
in the vicinity can have increased radiative rate and reduced PL excited state lifetime. Influence of
metal films such as Ag and Au on SiNP are discussed in detail through PL spectroscopy.

3.2 Band structure
Silicon forms a diamond like crystal structure (Figure 3.1) with one silicon atom is bonded to four
other silicon atoms in an sp3 hybridization forming a tetrahedron structure with a lattice constant
of a ≈ 0.5 nm.

Figure 3.1: Crystal lattice structure of silicon, blue circles correspond to silicon atoms. Graphics
were drawn using the software VESTA. [Momma11]

As a result of the crystal packing in silicon crystal, silicon has an indirect bandgap with valence
band maximum at the Γ point in momentum space (k-space) and conduction band minimum lies
( 0.82*2*π/a)*[001] in between Γ and X point in the k-space with a 6-fold symmetry.

Due to the indirect bandgap nature, transitions of charge carriers between valence band max-
imum and conduction band minimum is less probable. A direct optical excitation of an electron

Aswin Asaithambi 13



3.3. SAMPLE SYNTHESIS AND FABRICATION

from the valence band to the conduction band is highly improbable and requires very high energy
for a direct excitation. Hence, a single excitation process involves an optical excitation via photon
with negligible momentum and requires a transfer of momentum from the phonons. Relaxation of
the excited electrons works similarly, hence the quantum efficiency in silicon is low.

Figure 3.2: Bandstructure model of bulk silicon with an indirect bandgap (Eg). hh, lh and so
corresponds to heavy hole, light hole and split off bands respectively in the valence band. Red
circle and blue circles are hole in the valence band and electron in the conduction band forming an
exciton.

3.3 Sample synthesis and fabrication
The silicon nanoparticles used in this study were synthesized in the group of Prof. Kortshagen from
University of Minnesota, USA, via gas phase large scale synthetic procedure and are capped with
fluorine forming the fluorinated shell of the nano-particles. [Mangolini05] This gas phase synthesis
method is time effective as it takes just a few milliseconds for the nano-particle formation and has
a better yield than liquid phase synthetic method. [Mangolini05] Silane (SiH4) gas was used as a
precursor. SiH4/He (5%/95%) along with argon (Ar) gas was injected into the quartz tube with
a certain pressure that can be controlled. Along the quartz tube, radio frequency (RF) power of
100W at 27.12 MHz is applied through a matching network to two copper electrodes producing
a magnetic field which inductively couples to the precursor flowing through the quartz chamber.
Precursors get dissociated into gaseous ions and hot electrons, which in turn collides with the
precursor forming Si and H. With adequate temperature for nucleation and growth, crystalline
nano-particles of silicon are formed. The excess negative charges form a negative shell around the
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3.3. SAMPLE SYNTHESIS AND FABRICATION

nano-particles and thus preventing agglomeration. For fluorine termination of the nano-particles,
SF6 was added right after silane. [Liptak12, Liptak08]

Figure 3.3: TEM image of fluorine passivated SiNP showing {111} lattice fringes. [Liptak08]

Figure 3.3 shows the transmission electron microscope (TEM) image of the synthesized nanopar-
ticles, the size of a single nanoparticle were observed to be around 3 nm. {111} lattice fringes of the
SiNP can also be seen via TEM. Silicon and fluorine form a strong bond with bond energies greater
than that of oxygen or hydrogen, hence efficient passivation can be expected. Nano-particles are
then collected on a steel grid that is kept at room temperature and thus preventing further nucleation
and agglomeration.
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30 µm

1

2

Figure 3.4: Optical microscope image of SiNP on Si/SiO2 substrate with spot 1 enclosing large
agglomerate and spot 2 enclosing small agglomerate of SiNP ensemble.

These fluorine capped SiNP are not solvable in most known solvents and dissolves partially
in halogen containing solvents such as chloroform (CHCl3) or carbon tetrachloride (CCl4). This
makes it difficult to control the amount of nano-particles that would be desired for the fabrication
of SiNP on a substrate. For fabricating SiNP on solid substrates, simple drop cast technique was
used rather than spin coating for ensemble measurements, this is to minimise the loss of nano-
particles whilst fabricating as insolubility of SiNP does not guarantee homogeneity and hence, this
rather aids in qualitative studies than quantitative. For the initial PL characterization of SiNP, SiNP
dissolved in CHCl3 was drop cast on Si/SiO2 substrate. Figure 3.4 is an optical image of such drop
cast SiNP, agglomerations of SiNP are seen. Spot 1, in the blue circle is a typical example of
bigger agglomerate where, any influence from the substrate is expected to be at minimum. Spot 2
enclosed in red is a typical example of a smaller agglomerate, where, influence of the substrate is
expected to be more than that of spot 1. For the spectroscopy in the vicinity of metal fims, silver
and gold were used. Both were thermally evaporated onto the Si/SiO2 substrate and SiNP were
drop cast on top of the metal surface.
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3.4. SURFACED ENHANCED PL SPECTROSCOPY

Figure 3.5: Scanning electron microscope image of gold metal film evaporated on Si/SiO2 sub-
strate. Image taken together with G. Prinz.

The evaporated metal surface, on a closer look via a scanning electron microscope (SEM),
showed the rough surface of gold which can act as nano-antennae like structure with different
sizes. Field enhancement from nano-antennae is already known and used for surface enhanced
fluorescence. [Zhou12] Figure 3.5 is an SEM image of evaporated gold on Si/SiO2 substrate. From
this image, nano-antennae like structure from few nano-meters to tens of nano-meters of size can
be seen.

3.4 Surfaced enhanced PL spectroscopy
Fluorescence or photoluminescence, as explained in Chapter 1 is the phenomenon describing light
emission from a system that was excited to a higher energy state by the incident light (excitation).
The excitation and emission process is highly sensitive to the environment for nano-particles,
hence, the fluorophore or SiNP in our case, when subjected to a certain environment, their PL
properties can be altered. Results of SiNP in the vicinity of metal films are discussed in detail in
the forthcoming sections. How does the surface enhanced PL (or surface enhanced fluorescence
(SEF)) work? The answer to this question is still under debate. The short explanation in this
section is one that is accepted in the scientific community so far.

The use of highly reflective metal films or cavities affect both emission and excitation prop-
erties of the system under study. The effect on the excitation process is a straight forward and
seemingly obvious one. Excitation intensity or flux of photon (Iexc) hitting the system resulting in
excitation should be increased due to the back reflection of the excitation light by the metal surface.
Fort et al, have comprehensively described this in their review article about SEF. [Fort07]
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MDE = Γexc(r)∗Q∗MCE(r) (3.1)

Enhancement in the PL can be quantified through a quantity called molecular detection effi-
ciency (MDE). [Fort07] MDE depends, as shown in the equation 3.1, on the excitation rate (Γexc),
quantum yield (Q) and molecular collection efficiency (MCE) of the system which is at a distance
"r" from a particular influencing environment, which in this case, is a metal surface. Besides, in-
creasing the excitation rate, enhancement also can occur due to increased detection of the emission.
One way is to back reflect the emission using the surface with low refractive index or high reflec-
tivity. In case of metals such as Au and Ag, all the mentioned processes are likely to occur and
therefore could enhance the effective detection or collection of the emitted photons. The change
in the radiative and non-radiative rates at the optimal condition reduces the effective time constant
(τe f f ).

τe f f =
1

Γr +Knr
(3.2)

These metal films, can also increase both radiative and non-radiative rate of the emission, de-
pending on "r" (distance between the fluorophore and the metal surface) and thereby reducing the
effective time constant (τe f f ), according to the equation 3.2 where Γr is the radiative rate and Knr
is the non-radiative rate. When the fluorophore is directly on the metal film or when "r" is zero, it
most likely will result in a quenching of the PL due to electron transfer between the fluorophore
and the metal.

Figure 3.6: A model showing SEF requisites and half circles on top the metal showing the propa-
gation of surface plasmon polaritons (SPPs).

As portrayed in the figure above (3.6), SEF is highly sensitive to the distance between the flu-
orophore and the metal surface. If the fluorophore is closer to the metal surface, that is, if r is less
than 10 nm, quenching of the PL is observed [Zheng19, Biteen05], mainly due to facilitation of
non-radiative pathways and rate (Knr), which also results in a decrease in τe f f . Above a certain
r (10 nm is the optimal as reported by Biteen et al [Biteen05]), the interaction between the metal
and the fluorophore is weak and only at the optimal distance, maximum enhancement is achieved,
the interaction between them is expected to be the field enhancement which results in larger tran-
sitional dipole moment. To conclude this section, a suitable metal substrate for a fluorophore
and spacer in between them is a necessity in order to achieve surface enhanced fluorescence. In

18 Aswin Asaithambi



3.5. RESULTS AND DISCUSSION

case of ensemble PL measurements for SiNP, SiNP itself can be a spacer and for single dot PL
measurements, embedding SiNP in a PMMA matrix would provide the necessary spacing and by
chance (statistically expected) few single SiNP would be found at the right distance from the metal.
Although, controlled fabrication of such is extremely difficult.

3.5 Results and discussion

3.5.1 Steady-state and temporal PL properties of ensemble SiNP
Figure 3.7 show the steady state PL spectrum of ensemble SiNP at room temperature deposited
on Si/SiO2 substrate. PL shows a maximum emission around 660nm or 1.87eV through which the
mean size of the nanoparticle can be calculated (see equation 3.3). [Ledoux00]

Figure 3.7: PL spectrum from ensemble SiNP on Si/SiO2 substrate at room temperature

Eem(d) = Egap +
3.73eV
d1.39 (3.3)

The PL of the ensembles show broad luminescence with the full width at half maximum
(FWHM) of about 120nm, indicating the inhomogeneity in the size distribution ((2-5) nm) with the
mean value close to 3 nm which corresponds to the measured size via TEM (see Figure 3.3) of the
synthesized nanoparticles. Ensemble PL from both small (spot 2) and large (spot 1) agglomerates
were similar in profile but, PL from spot 1 had more counts as the number of SiNP is more in a
larger agglomerate.
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Figure 3.8: Time resolved PL decay of (a) SiNP from spot 2, (b) logarithmic plot of (a), (c) SiNP
from spot 1 and (d) logarithmic plot of (c)

Figure 3.8a and 3.8c show a PL decay curve from a small and large agglomerate respectively.
Figure 3.8b and 3.8d are the respective PL decay with the y-axis in logarithmic scale. Both curves
were fitted with stretched exponential fit function (see equation 3.4) where τ0 and β are the time
constant and stretching exponent respectively. The effective time constant (τe f f ) from the fit was
calculated using equation 3.5, where Γ(β−1) is the Gamma integral of inverse of the stretching
exponent. [Zatryb11]

I(t) = I0 · e
(−t

τ0
)β

(3.4)

τe f f =
τ0

β
·Γ

(
1
β

)
(3.5)

The calculated effective time constant (τe f f ) was found to be 54 µs from small agglomerate and
122 µs from large agglomerate. Now, remember both the decay profiles are from SiNP on Si/SiO2
substrate. The reason for a decrease in the τe f f from small agglomerate is still not clear. It is a well
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known fact that PL is extremely sensitive to the environment and besides the total counts, τe f f is
also sensitive to the environment. τe f f is dependent on both radiative rate (Γr) and non-radiative
rate (Knr) as shown in equation 3.2. From Figure 3.8b and 3.8d, it is clear that there is faster
decaying process from small agglomerate and it is rather slow from the larger agglomerate. Since,
in the large agglomerate, there is less influence of the substrate and as we do not expect any sort
of enhancing ability from the Si/SiO2 substrate, we attribute this reduction in the τe f f for small
agglomerates to an increase in the non-radiative decay rate of the PL from SiNP.

Figure 3.9: (a) Time evolution of PL spectra from ensemble SiNP at 100 µW excitation power for
1200s. (b) Time trace of PL maximum intensity at 660nm.

Conventional quantum dots (QDs) such as CdSe, CdS, etc. are fantastically robust to light
exposure when compared to organic and inorganic dye molecules which gets depleted/bleached
when exposed to light. In case of the convention quantum dots, they rather get oxidized and has
an altered emission (blueing [vanSark02]) or surface traps could facilitate non-radiative processes,
[vanSark01] but, they show little bleaching. This is one of the major advantage of QDs over dyes
for light harvesting applications. SiNPs are expected to behave similar to that of conventional QDs,
but, to our surprise, with continuous exposure to light results in a decrease in the PL efficiency, in
other words, they do bleach. Figure 3.9a is the color-map showing the evolution of PL spectra from
ensemble SiNP over 1200s at continuous excitation with 532nm laser at the power 100 µW, it can
very well be seen that the intensity of the PL emission goes down with prolonged exposure. This
trend is clearly observed in Figure 3.9b which show the maximum intensity at 660 nm dropping as
the SiNPs are exposed for more time to the excitation light.

3.5.2 Steady-state PL properties of ensemble SiNP on different substrates
In this sub-section and the subsequent sub-section, steady-state and time resolved or temporal PL
measurements are shown, along with Si/SiO2 substrate, an additional layer of either gold or silver
has also been used as a substrate. Figure 3.10 shows the PL spectra of SiNP on three different
substrates, on Ag, Au and Si/SiO2. The peak positions are quite similar from the particles on
bare Si/SiO2 and on silver (Ag) centered at 660nm, with little blue shift of less than 5nm on gold
(Au). The main objective here is to try and observe similarities and differences in the PL spectra
from SiNP on different substrates. As discussed in section 3.4, it is quite possible to observe an
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enhancement in PL emission, provided, the choice the metal used is rather suitable for the PL
enhancement of the fluorophore of interest. But, as mentioned in section 3.3, the amount of nano-
particles deposited on different substrates can not be controlled and hence normalized spectra are
shown.

Figure 3.10: Ensemble PL spectra of SiNP on Ag, Au and Si/SiO2

Benami et al, in 2012, quantified the enhancement of PL from silicon quantum dots grown via
ion implantation fixed in a matrix, in the vicinity of Ag nanoparticles grown via ion implantation.
They report that this enhancement of PL by the metal nanoparticles is extremely distance depen-
dent, at higher doses (very short distance between SiNP and Ag nanoparticles) quenching of PL
occurs. [Benami12] Biteen et al, used Ag nanoparticles with a variety of diameters, i.e., with dif-
ferent plasmon resonance frequency, were able to selectively increase the PL of SiNP. [Biteen06]
These are some of the reports about surface enhanced PL spectroscopy on silicon nano-particles.
In our case with SiNP, from the steady state PL, it is most definitely difficult to do such quan-
titative experiments, because, as mentioned in section 3.3, these SiNP does not dissolve in most
solvents and that makes it difficult to have control over the concentration of SiNP deposited on a
substrate which influences the PL intensity just by different amounts more than the enhancement
might change.

3.5.3 Time resolved PL properties of ensemble SiNP on different substrates
Steady state PL could not quite quantify a parameter that would describe any influence of the
metal films on SiNP because there was not any control over concentration. To better understand
the metal influence, we performed, beside the steady state PL, time resolved PL spectroscopy of
SiNP capped with fluorine in the vicinity of metallic surfaces and show that, the effective time
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constant (see equation 3.2) of SiNP PL decrease in the presence of metallic surfaces such as Au
and Ag. Figure 3.11a and 3.11b show the PL decay curve at 650nm emission of ensemble SiNP
on three surfaces: bare Si/SiO2, Au and Ag rough metallic surfaces and the logarithmic plot of
the time resolved PL decay respectively. Blue curve shows the decay on Si/SiO2, green curve on
rough Au and red curve on rough Ag surfaces. All the decay curves were fitted with a stretched
exponential decay curve (equation 3.4). Time constants obtained from the fit and calculated using
equation 3.5 were 54, 37 and 30 µs on Si/SiO2, Au and Ag respectively with β to be 0.8, 0.49 and
0.70. β gives an idea about the number and amplitude of exponential present in the decay, when β

is unity, the curve becomes mono-exponential.

Figure 3.11: From smaller agglomerates (a) PL decay curve of SiNP on Ag, Au and Si/SiO2, (b)
logarithmic plot of the decay curve and (c) Effective time constants (τe f f on three surfaces (Ag,
Au and Si/SiO2))

It should be mentioned that these measurements were taken from smaller agglomerates like
spot 2 as described in section 3.3, and the reason is, at spot 2 more of metal influence are likely
to be observed. It is clear from the decay curve that, there is a reduction in the excited state
lifetime of the charge carriers when the SiNP is in the vicinity of the metal surface compared
to the bare Si/SiO2 substrate. Shimizu et al also reported a reduction in the PL lifetime of one
CdSe nano-particle deposited on rough Au surface. They ascribed this effect to surface enhanced
fluorescence (SEF) effect. In their results, they observed a three fold reduction in the PL lifetime of
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a single CdSe nanoparticle. [Shimizu02] The reduction in our case of SiNP on Au and Ag surface,
were only 40%, but, we have to keep in mind that, due to our sample preparation using drop cast
method, agglomerates are formed, field effect from the nano-antennae would have less impact on
nanoparticles lying on top (away from the substrate). Most photons obtained from the PL of SiNP,
are from the SiNP on the top surface of the ensemble, which means that these SiNP are effectively
not in the vicinity of the metallic surface. The exact amount of SiNP which are surface enhanced
by the interaction with the metallic surface is hard to estimate. Hence, the observed PL decay is a
combination of both.

Figure 3.12: From larger agglomerate (a) PL decay curve of SiNP on Ag, Au and Si/SiO2, (b)
logarithmic plot of the decay curve and (c) Effective time constants (τe f f on three surfaces (Ag,
Au, and Si/SiO2))

In section 3.5.1, a decrease in the PL lifetime (τe f f ) was found between spot 1 (large agglomerate)
and spot 2 (small agglomerate) from SiNP on Si/SiO2 substrate. And for comparison between
the different substrates from small agglomerate, 40 % decrease in τe f f was found between Ag
and Si/SiO2 substrate owing to an increase in the radiative rate (Γr) in presence of Ag metal film.
Figure 3.12a and 3.12b show PL decay from SiNP from a larger agglomerate on three different
substrates, just like in Figure 3.11c, Figure 3.12c show the τe f f from the respective metal films.
There was at the least, a 100 % increase in the τe f f observed in every case compared to the PL
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decay from small agglomerates. τe f f observed were 114 µs, 117 µs, and 122 µs, with β around
0.74 for spot 1 of SiNP on Ag, Au and Si/SiO2 respectively. There is a significant change in β

found for large agglomerate and it is approaching unity as compared to small agglomerate. A clear
trend regarding the influence of metals was observed as we see a lowered τe f f value in case of Au
and Ag. The radical difference in case of the large and small agglomerate is tentatively attributed
to the influence of the surrounding, but, it is still not very clear.

3.6 Conclusion
Silicon nanoparticles with a mean diameter of 3 nm and an optical bandgap of about 1.8 eV were
investigated. These SiNP were synthesised via a gas phase synthetic technique and capped with
fluorine shell as silicon and fluorine form a strong bond. Steady state and temporal PL studies were
undertaken to study the improvement of the light emitting property of these SiNP in the vicinity
of metal films. PL lifetime of SiNP was decreased in the presence of metal films such as Au and
Ag, mainly Ag, where 40 % reduction was observed when these SiNP are fairly close to the metal.
Since one of the main disadvantages of silicon as the light emitter is its PL lifetime, for both light
emitting application and also for studying or performing the fundamentals such as single particle
spectroscopy. We have been able to reduce the τe f f by at least 40 % and for a single dot closer to
a metal it is believed to be even lower. This result will be exploited in the next chapter.
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Chapter 4

Single silicon-dot spectroscopy

4.1 Motivation
The work done in this chapter is an extension of the previous chapter 3. One of the main motiva-
tions behind this would be, in a philosophical sense, the realization of the differences in individual
and collective behaviour. Individual fluorophores, collectively, they display certain light interac-
tion traits and that cannot be intrapolated to predict the individual as they display different traits.
Semiconducting nanoparticles, especially quantum dots are an important class of materials in the
field of light emitting devices and computing devices. A single quantum dot is a single photon
source and this can be exploited in the said field. Although, several issues are being dealt with
these days as these single particles display characters such as PL intermittency, spectral jittering,
etc. In this chapter, using the result of previous chapters, these phenomena are studied for single
silicon nanoparticles with fluorine shell.

4.2 Sample fabrication
In preparation for performing PL measurements on single particles/dots, we first defocused the
excitation laser beam to obtain a spot diameter of 70µm (which is schematically shown in Figure
4.1). The entrance slit was opened wide, 50X objective lens with NA of 0.8 was used and the mirror
instead of the grating was used to image the spectrally unresolved emission from the sample.
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PMMA
Ag  Si/SiO2

Figure 4.1: Experiment technique to identify emission from a single SiNP embedded in a PMMA
matrix

Figure 4.2 is an SEM image of SiNP embedded in a PMMA matrix on Si/SiO2 substrates
with a gold film on top of it. The irregular structure of the PMMA matrix that can be seen in the
picture is due to the interaction of PMMA with the electron beam. Enhancement or mainly the
reduction in PL lifetime in the PL of SiNP is imperative to realise single particle spectroscopy,
though in the previous chapter, we concluded that there is a reduction in the PL lifetime (τe f f )
in presence of Ag, for example, this does not necessarily guarantee an increase in photon counts
per second. Hartsfield et al reported that smoothness of the surface of the metal layer influences
the recombination rate of the emitter (CdSe quantum dot). It was observed that epitaxially grown
smooth silver film, significantly reduced the excited state lifetime to a narrow distribution around
5ns, whereas with evaporated rough Ag film, though significant, broader distribution centered at
8 ns spanning from 4-12 ns were observed. One more interesting observation is the effective PL
counts from the emitter were larger for the ones in the vicinity of the rough surface rather than the
epitaxially grown smooth surface. [Hartsfield16]
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Figure 4.2: SEM image of SiNP embedded in a PMMA matrix on Au substrate. Image taken
together with G. Prinz.

This is in agreement with our experimental results, as single SiNP on rough Ag surface were
easily observable. To increase the roughness, Si/SiO2 substrate was first coated with Au0.75Ag0.25
alloy, which was then de-alloyed when treated with hot nitric acid, resulting in the porous sponge-
like Au film, [Erlebacher02] thin layer of Ag was thermally evaporated on top of the porous Au
film, resulting in an increased roughness of Ag film. This method was adapted from the master
thesis of J. Weißbon. [Weißbon12] A dilute solution SiNP in PMMA-CHCl3 was then spin-coated
on top of the substrate to get a well distributed SiNP embedded in the PMMA matrix.

4.3 Results and discussion
Combining the excellent room temperature PL properties due to the fluorine shell and an at-least
40% reduction in PL lifetime, especially on the rough Ag surface, single silicon dot phenomena
such as PL intermittency and spectral jittering were observed at room temperature for SiNP on a
rough Ag surface. The method of the collection of data for PL intermittency studies is described
in Figure A.1.
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(a)

Figure 4.3: (a) Series of images at different times with bright spot corresponds to a single SiNP,
(b) time trace of photon counts from one SiNP, (c) bin of intensities to identify the threshold, (d)
plot showing binary on-off in the time trace, (e) power law statistics of "on" and "off" times from
a single SiNP and (f) logarithmic plot of (e).

Figure 4.3a shows the time evolution of PL from single SiNP (spots enclosed in the red circles
in the images). Under continuous excitation with 532nm excitation wavelength and power of
700µW distributed over 70µm spot size on a SiNP, we observed PL intermittency or "blinking"
where the QD does not continuously emit light. Figure 4.3b shows the intensity-time trace of
one of the SiNP for 30 minutes. The occurrence of particular intensity bins using Scott’s normal
reference rule, [SCOTT79] from the time trace (Figure 4.3b), along with double gaussian fit can
be seen in Figure 4.3c. This is done in order to find a good threshold value (shown as the red
dotted line in Figure 4.3b and 4.3c), above which, SiNP in an emitting state (’on’) and below
which, SiNP is on a non-emitting state (’off’). Figure 4.3d, shows when SiNP is in ’on’ state,
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it can be seen that the SiNP is mostly in ’off’ state with rare short ’on’ states. This PL blinking
was first observed in CdSe QDs by Nirmal et al. [Nirmal96] It became a good indication of a
confirmation of single particle emissions. Four more time traces and blinking characteristics of
single SiNP can be seen in the appendix (Figure A.2, A.3, A.4 and A.5). One of the reasons for
the non-continuity in the emission from a single quantum dot is due to the fact that, there is a
competing process called Auger recombination (schematically shown in Figure 4.4) as opposed
to the radiative exciton recombination, energy from the exciton recombination is transferred to
extra charge in the system. Other possible mechanisms would be otherwise called B-type blinking
(names coined by Galland et al) as opposed to A-type blinking explained above. In case of B-type,
the shell thickness is expected to be rather small and defects on the surface act as trap state for the
excited electrons. Differences in these two types of blinking are observed in the lifetime, where, in
case of A-type blinking, the reduced lifetime of trion emission is found. [Galland11] We explain
the blinking of single SiNP using Efros-Rosen model (see Figure 4.4). [Efros16] In the model, QD
is charge neutral during the ’on’ state. In presence of an excess charge in the QD, energy from
the recombination of electron-hole pair displaces the excess charge rather than emitting a photon,
which is the ’off’ state.

E (eV)

+ ++ + +

--- -

On-state Auger Ionization Off-state
Neutralization

and PL

CB

VB +

-

X NO PL

Figure 4.4: Scheme describing processes involved in PL intermittency including Auger ionization
process explained using Efros-Rosen model. CB and VB are conduction band and valence band
respectively.

Blinking is disadvantageous for any light-emitting application of QDs. Introduction of thick
shell with wider bandgap around the core of CdSe QDs led to a drastic reduction in the frequency of
short "on" and "off" times and almost no blinking particles, a gradient alloy shell, due to the gradual
change in the lattice parameters, further reduced the occurrence of dangling bonds which provides
the surface trap states . [Mahler08,Efros16,Ji15] Blinking of this fluorine capped SiNP might also
be explained by Efros-Rosen model (see Figure 4.4) where, as a result of Auger recombination, the
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core of the quantum dot becomes charged as a result and thus the further excitonic recombination
becomes non-radiative, due to an Auger-like recombination in this charged state.

p = A · t−m (4.1)

The "on" and "off" statistics follow a power law distribution (equation 4.1). "A" in equation 4.1 is
the proportionality constant and "m" is the exponent. Exponent "m" value of around -1.5 is found to
be consistent with Auger recombination in conventional CdSe QDs. [Frantsuzov08,Efros97,Ye11]
Here, in case of SiQDs, the value is found to be -1.8 for the "off" statistics and -2.7 for "on"
statistics, but, both "on" and "off" exponent approaches -1.5 with more data. This power law
statistics is mainly due to the existence of multiple trap sites and thereby multiple Auger rates. For
silicon quantum dots embedded in a SiO2 matrix, exponential behaviour was observed. For our
system, fluorine capped SiNP, behaves more like the colloidal quantum dot which means, there is
a presence of more than one trap state with non-converging on/off and off/on switching rates are
observed. [Sychugov17]

Figure 4.5: (a) PL spectrum of a single or subensemble of SiNP (b) Contour plot showing time
evolution spectra from single or subensemble SiNP and (c) plot of emission energy and FWHM
against time to assess the correlation between emission energy and FWHM.
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The emission from the brightest blinking particle was spectrally resolved by replacing the
mirror with a grating in the spectrometer at room temperature. The integration time had to be
prolonged from 500ms to 5s for detecting the spectrally resolved time evolution of a single SiNP
emission. Different to the spectrum from the ensemble with a peak wavelength at 660 nm with
FWHM of at least 120 nm, emission from this single particle had a peak position of ≈ 645 nm
with FWHM of ≈ 50 nm (Figure 4.5a). Decrease in line width is expected for single SiNP and
peak position indicates that this particle is smaller than the most common particle size. Figure 4.5a
shows PL spectrum from a single particle, both spectrally and temporally resolved PL spectra can
be seen in Figure 4.5b. Along with blinking, jitter in the peak position between 640 nm and 650
nm was observed. This phenomenon is known as spectral jittering, which was e.g. also observed
for CdSe QDs. [Neuhauser00] Spectral jittering is the result of the quantum-confined Stark effect,
where electric fields tilt the bands in the QD and therefore leading to red-shifted emission. This
field can be externally applied or introduced by fluctuating charges around the QD. For CdSe,
Braam et al., observed an anti-correlation between emission energy and FWHM, which can be
understood by the presence of additional charge in the vicinity of the QD. [Braam13] This anti-
correlation up to now, have not been observed for the SiNP (see Figure 4.5c), which might be due
to a different behaviour of the fluorine capped SiNPs or just due to short time traces and longer bin
time. To confirm this, longer time traces are needed, which are hard to obtain due to rather longer
"off" times compared to that of CdSe.

4.4 Conclusion
Ag film was deposited on sponge-like Au to create a rough Ag surface for better surface enhance-
ment of SiNP. Single particle phenomena like PL intermittency was observed from single SiNP.
Blinking or PL intermittency "on/off" statistics revealed a power law behaviour, meaning, multiple
Auger rates due to multiple trap sites were present. PL intermittency showed more prolonged "off"
times and shorter "on" times. Spectral jittering of single SiNP due to quantum confined Stark ef-
fect was observed along with the PL intermittency. The potential anti-correlation between emission
energy and FWHM is not observed yet. To understand more of these single particle phenomena,
longer time traces are necessary.

32 Aswin Asaithambi



Part III

WS2 monolayers
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Chapter 5

Defect studies on WS2 monolayers

5.1 Motivation
Tungsten disulfide is one of the prominent transition metal dichalcogenide materials, which shows
intriguing optical properties if it is processed to a monolayer. Two dimensional (2D) monolayers
of transition metal dichalcogenides (TMDC) have drawn much interest in the recent times due to
their excellent physical properties such as indirect to direct bandgap transition (with bandgap en-
ergies mostly in visible and near infra-red region) from bulk to monolayers and are thought of as
an upgrade to the components in transistors. [Splendiani10] WS2 monolayers, show higher lumi-
nescence quantum yield (≈6%) when compared to other TMDC monolayers like MoS2 (<1%).
[Yuan15] TMDC also show strong spin-orbit coupling, mobility, and exciton interactions. [Xiao12]
Also the formation of quantum emitters at defects or engineered by varying strain profiles at cer-
tain locations have been shown. [He15] Although it has been over a decade since the discovery
of graphene and 2D materials, practical applications of these 2D-TMDC and graphene have not
lived up to the expectation. The main reason, besides the growth and fabrication, of which sig-
nificant improvements have already been realized, is the defect prone nature of these materials.
To realize the potential of 2D-TMDC in various applications, defects in these materials must be
studied. In graphene, the intensity ratio of D and G peaks from the Raman spectroscopy is used
to non-destructively characterize monolayers of graphene. There is, however, no direct correla-
tion for TMDC to characterize defects in monolayers using Raman spectroscopy. Defect bound
emissions are observed in the low temperature (LT) photoluminescence (PL) spectroscopy and this
technique have proved to be a valuable non-destructive technique to characterize the defects in
TMDC monolayers.

5.2 Sample synthesis and fabrication
Samples studied in this chapter were grown by the group of Prof. Mattevi from Imperial College
London, London. WS2 flakes were synthesized via chemical vapour deposition (CVD) using a
hot-wall quartz tube furnace. 0.2 g of H2WO4 (Sigma, 99.99%) mixed with 0.2 g of NaCl (Sigma,
99.99%) were placed in an alumina boat in the centre of the tubular furnace, whereas 0.6 g of
S powder (Sigma, 99.99%) were placed in another boat in the upstream region, controlled inde-
pendently with another heating module. The substrate was Si/SiO2 cleaned by ultrasonication in
deionized water, acetone and isopropanol and placed close to the W-containing boat in the down-
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stream direction. The reactor was purged with 200 sccm of high purity argon gas for 30 minutes
at 200°C, afterward the furnace was heated up till 850°C at 25°C/min in the meantime the S boat
was heated up till 125°C at 5°C/min using 100 sccm of Ar. These temperatures were kept for 15
minutes and then the furnace was naturally cooled down.

50 µm

Figure 5.1: Optical micrograph of WS2 flakes on Si/SiO2 substrate.

5.3 Bandstructure
TMDCs are a class of materials with the empirical formula MX2, where M is the transition metal
and X is the chalcogen. These materials form a layered structure X-M-X with two planes of X
separated by M plane, which constitute a monolayer as shown in Figure ??a. These monolayers
when stacked on top of each other are held by weak van der Waals attractive force, forming the bulk
form of these semiconductors as shown in Figure ??b. Figure ??c shows the top view of a TMDC
monolayer, the X-M-X structure forms a hexagonal lattice with three corners occupied by M atoms
and three by X atoms with alternate X of top and bottom position adjacent to M atoms. One M
atom is bonded to six X atoms, the overall symmetry of TMDC is hexagonal or rhombohedral, the
M has octahedral symmetry (bonded to six X) or trigonal prismatic coordination. [Wang12]
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X

(a)

(b) (c)

Figure 5.2b and 5.2a shows the bandstructure of WS2 in the form of multilayer and monolayer
respectively. In Figure 5.2a showing bandstructure of bulk WS2 with a stacked structure, the
valence band maximum is found at the Γ- point in the Brillouin zone and the conduction band
minimum is found in between the Γ- point and the K- point in the Brillouin zone forming an
indirect bandgap semiconductor. There is a secondary valence maximum and conduction minimum
at K- point in the Brillouin zone forming a direct bandgap at K- point. [Wang12]
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Figure 5.2: Bandstructure of WS2 showing (a) indirect bandgap at Γ point in the Brillouin zone
in bulk and (b) direct bandgap at K point in the Brillouin zone in monolayer. Graphics taken
from [Wang12]

WS2 bulk, when peeled down to a monolayer, shows transitions at the direct bandgap (shown
in Figure 5.2b) at K point in the Brillouin zone. This change in the bandstructure from indirect to
direct bandgap, from bulk to monolayer is due to quantum confinement in the z- direction resulting
in change in the hybridization between pz orbitals on X atoms and d orbitals on M atoms. States
near Γ point is due to the pz orbitals on X atoms and d orbitals on M atoms and have a strong
interlayer coupling, therefore, when the stacking is chopped down to one layer and as a result
of quantum confinement, the valence band maximum and the conduction band minimum gets
widened. States near the K point are relatively unchanged as they are mainly due to d orbitals of
the M atom in the monolayer and have no interlayer coupling. [Wang12] In a monolayer, there is a
new valence band maximum and conduction band minimum at the K point. Different TMDCs have
different bandgap values at the K point, the system studied here is WS2 which shows a bandgap
value of ≈ 2 eV (≈ 620 nm). Only monolayers of WS2 have been studied in this chapter, more
specifically, the mid-gap states due to the defects in the system were probed and studied via PL
spectroscopy.
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5.4 Results and discussion

Two batches of WS2 monolayers were investigated. The synthetic protocol for the two batches
was similar (see section 5.2).

5.4.1 WS2 sample batch 1

Figure 5.3 shows the PL spectrum from an as-synthesized pristine WS2 monolayer flake at room
temperature (RT). PL at RT shows almost an asymmetric line peaked around 632 nm corresponding
to neutral exciton recombination (X0) and trion (X−) emission. [Liu19, Wang15]

Figure 5.3: PL spectrum of monolayer WS2 at RT

As mentioned in the motivation, the main objective of this chapter is to study the defects present
in WS2 monolayers through PL spectroscopy. RT PL does not show any optical emissions related
to defects for our samples. Chow et al in their work was able to observe defect-bound exciton
emission at RT by introducing defects via plasma exposure. [Chow15] Defect bound emission
is expected to have slightly lower energy than the exciton emission. [He16b] The reason for the
absence of such emission at RT, is either because the thermal energy at RT is enough for the charge
carriers to escape from the defect trap, recombination could be non-radiative and/or this pristine
flake is defect free.
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Figure 5.4: (a) PL spectrum of monolayer WS2 at different temperatues at 1,5 µW excitation
power and (b) modified Arrhenius plot of the defect emission intensity over temperature.

Figure 5.4a is a contour plot of PL from a pristine monolayer of WS2 at different temperatures
starting from 260K at the top spectrum and cooled down to 83K at the bottom spectrum. Colorbar
indicates normalized intensity. Temperature dependent PL spectra shows a blue shift in the X0
emission because the bandgap widens as the temperature gets colder and this shift in the X0 tends
to follow the Varshni empirical formula. [Varshni67] With decreasing temperature, from 100 K
and downwards, besides the X0 band, an additional emission band starts to appear. This additional
emission is attributed to defect-bound emission (D0). For pristine flakes, defect-bound emission
(D0) is not expected, but, this particular batch of WS2 monolayers possesses intrinstic defects and
the emission D0 at 660 nm can be observed.

I = log
(

A

1+B · e
−Ea
k·T

)
(5.1)

Figure 5.4b is the plot of the log of intensity of D0 against the inverse of temperature. This curve
was then fitted with modified Arrhenius equation 5.1 (where A, B, and k are constants) shown as
red dashed line. [Jiang88] From the fit, activation energy (Ea) of 30 meV was obtained. This is
close to the thermal energy at RT (≈ 25 meV).
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Hole No. Fluence(µm-2)

1 20000

2 10000

3 2500

4 5500

5 7500

6 4000

7 750

8 1500

9 -

1 2 3

4 5 6

8 97

Figure 5.5: Mask showcasing nine numbered holes and a table displaying the Xe30+ ion irradiation
fluences corresponding to the hole number.

To get an insight into this defect-bound luminescence, defects were intentionally created by
irradiating the monolayers of WS2 with Xe30+ ions with different fluences. For this purpose,
the sample was covered with a mask containing 9 distinguishable holes in it and each hole was
irradiated with different fluences (shown in Figure 5.5) of Xe30+ ions with the potential energy
of 15.4 keV and the kinetic energy of 180 keV under perpendicular incidence. The irradiation of
WS2 monolayers with Xe30+ ions was done by Dr. Roland Kozubek in the group of Prof. Marika
Schleberger at the University of Duisburg-Essen.
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Figure 5.6: PL spectrum at 260K from WS2 monolayer irradiated with 2500 µm−2 fluence.

Irradiation with Xe30+ ions on the monolayer flakes of WS2 on Si/SiO2 substrate is expected
to create defects. The accurate physical processes of defect creation that might happen are still un-
known. The known facts are when these ions bombard free standing 2D materials, they make pores
with sizes ranging in tens of nanometers depending on the irradiation parameters. [Kozubek19] If
that is the case for a monolayer on a substrate, intuitively, we should not expect defect-bound emis-
sions from large pores. For larger fluences e.g. 6000 µm−2, ions should bombard every 12-15 nm
and therefore the sample is expected to be destroyed. Figure 5.6 shows the PL spectrum from an
irradiated WS2 monolayer, with the irradiation fluence of 2500 µm−2 at 260 K. The exciton-trion
emission band is slightly broader than that of the pristine sample, but, no defect-bound emissions
were observed at 260 K.

Temperature dependent PL spectra were collected whilst cooling down the irradiated sample
from 260 K down to 83K as shown in Figure 5.7a for flakes irradiated with 2500 µm−2 fluence of
Xe30+ ions. The irradiated sample showed defect-bound emission D0 emission at 670 nm similar
to that of the pristine sample with only a slight shift of 10 nm, that means, similar kind of opti-
cally active defects were formed due to the irradiation. The main differences in the temperature-
dependent PL between the irradiated flake and the pristine flake are, D0 emission was observed at
higher temperature of 160 K compared to 100 K in case of the pristine flake. The intensity ratio of
D0 emission with respect to X0 is larger for an irradiated flake than the pristine flake. Figure 5.7b
is the log of intensity against the temperature plot of D0 emission, a modified Arrhenius fit gives
activation energy (Ea) of 62 meV.
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Figure 5.7: (a)PL spectrum of monolayer WS2 at different temperatues at 1,5 µW excitation power
with 2500 µm−2 fluence (b) modified Arrhenius plot of the defect emission over temperature.

Figure 5.8a, 5.8b, and 5.8c shows LT-PL (at 83 K) spectra of sample 1 after irradiation with
Xe30+-ions with different fluxes of 750 µm−2, 4000 µm−2, and 5500 µm−2 at different excitation
powers. With increasing power, the emission properties of the D0 band changes and shows differ-
ent changes from samples irradiated with different fluences. This excitation power-dependent PL
measurement is then called "laser processing or laser treatment". The laser processing procedure
is the following: First the PL spectrum was collected from a single flake at a low excitation power
of 0.5 µW followed by the collection of PL spectra at 10 µW, 50 µW, 100 µW, 300 µW, 700 µW
and 1500 µW to obtain the gradual changes that happen due to the increasing power. To check
the persistence of the laser induced effects, PL spectra were collected with decreasing power, in
the order: 1500 µW, 700 µW, 300 µW, 100 µW, 50 µW, 10 µW and finally to 0.5 µW where the
laser induced change in the PL can be rather clearly observed. Initially, the PL spectra are dom-
inated by a broadband at ≈670nm. The excitonic emission is only barely visible in both pristine
and irradiated samples at LT, if the region around 610nm is magnified contrary to the situation at
RT, where the PL emission only exhibits the excitonic contribution (see Figure 5.3) also for the
irradiated flakes within sample 1 (see Figure 5.6). With increasing excitation power the emission
band at 670nm shifts towards lower wavelengths to ≈ 648nm.

Additionally, a new laser activated peak (LA) starts to evolve at ≈ 630nm. This peak persists
also after reducing the excitation power to 0.5µW again. The emission band at larger wavelengths
shifts back to≈ 655nm and increases in intensity compared to the LA peak as shown in Figure 5.8a
for a flake irradiated with 750 µm−2 fluence. Figure 5.8b and 5.8c show the similar power series
for 4000 µm−2 and 5500 µm−2 Xe30+-ion fluxes irradiated WS2 monolayer flakes, respectively.
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Figure 5.8: PL spectra of sample 1 at 83 K at different excitation power for flakes irradiated with
(a) 750 µm−2, (b) 4000 µm−2 and (c) 5500 µm−2 of Xe30+ ions.

Similar behaviour was reported by He et al., who investigated pristine and aged WS2 monolay-
ers. They observed the emergence of a new peak for aged WS2-flakes at ≈ 630nm after cryogenic
laser processing. He et al., in their report, they assigned this peak to a degradation-related feature,
which could be hidden by adsorbates covering the WS2-sheet and leading to the emission band D0
(in their report named LS at ≈ (645 to 655) nm). [He16b] For our Xe30+-ion irradiated sample
we observed the appearance of a similar feature after laser processing. This observation leads to
the conclusion, that the origin of the LA peak cannot exclusively be a hint for aged samples, but
can also be related to defects which can be formed by aging and irradiation like extended and/or
adsorbate decorated defect complexes. The observed shift of the D0 emission band could have
different origins. We exclude the temperature or strain induced variation of the bandgap or shift-
ing related to a change in the dielectric environment. This is due to the fact, that there is no shift
visible either for the excitonic emission, which should respond strongest on the above-mentioned
variations, nor for the new LA peak. One possibility could be the removal of physisorbed adsor-
bates leading to a change in the energetic position of the defect emission state within the bandgap.
This situation is not so unlikely since it is known and reported that laser excitation could lead to
evaporation of adsorbates from the surface. But there is still the fact, that the emission band shifts
back after reducing the power again. Since we are still in a vacuum (5×10−6mbar) and at 83K, it is
not so likely that adsorbates removed from the surface will return into their original configuration.
Another possibility might be that the observed shift of the D0 band is not a real "shift" at all, but
that there are more energetic states in between the D0 emission band and the new LA peak. This
could lead to an unresolved strong increase in emission intensity of these intermediate states when
increasing the laser power leading to the impression of a gradual shift of the D0 emission band to
lower wavelengths. Increasing the power further leads to a stronger increase in the LA peak. This
gradually changing behaviour might be due to different density of states of the emission. Upon

44 Aswin Asaithambi



5.4. RESULTS AND DISCUSSION

increasing the laser power, saturation of states higher in wavelength could be one reason for the
observed shift of the D0 emission band. Another explanation could be that the adsorbate-defect
complex can transform into an excited state with higher energy by increasing the laser power and
therefore leading to the observed shift of the D0 band. Still, it has to be noted that a part of these
states responsible for the D0 emission band undergoes a persistent transformation at low tempera-
ture. Because the LA peak, which is exclusively generated by the laser processing, is still visible
after reducing the excitation power. This is also in accordance with the report of He et al., who
observed a complete vanishing D0 emission band and a strong emission of the LA peak (named
U peak in their publication) after reducing the excitation power. [He16b] They also reported that
the LA peak completely vanishes after cycling the temperature to RT and back to LT again. These
observations lead to a conclusion that, LA emission origins from undecorated defects, which is
lost after a temperature cycle as the adsorbates gets reattached to the defects sites and alters the
emission.

Figure 5.9: Evolution of LA to D0 ratio with respect to excitation power for sample 1 irradiated
with (a) 750µm−2 (b) 4000µm−2, (c) 5500µm−2 fluence of Xe30+ and (d) LA to D0 ratio at 0.5µW
excitation power after laser processing against Xe30+ fluence.

The three differently irradiated flakes show a very similar behavior during laser processing.
The difference is that for higher Xe30+-ion fluxes, after the laser treatment, intensity ratio between
the LA peak and the emission band D0 increases with increasing ion-flux. Figure 5.9a, 5.9b, and
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5.9c shows the intensity ratio between the LA peak and D0 band for the flake irradiated with 750
µm−2,4000µm−2 and 5500 µm−2 respectively. It is found, that the ratio starts to increase while
increasing the power to the maximum value (red data points) and then decreasing again (blue data
points). After reaching the lowest excitation power again, the ratio shows a significantly higher
value compared to the starting point. Evaluating just the ratio at the end of our laser processes
for all three differently irradiated flakes (see Figure 5.9d), it clearly exhibits the following trend,
that is, with increasing irradiation flux the ratio increases starting at a ratio of 0.7 for 750µm−2

flux and increasing to 1.05 for 5500µm−2 Xe30+-ion flux. This indicates that defect densities
play a more important role in laser processing to LA. He et al., observed that, for aged samples,
laser processing to LA ("U" in their publication) is more pronounced, which is in good agreement
with our results as more aging potentially results in more defects. The sample-space in this study
is, still not enough to generalize this trend. Unfortunately, since the sample was destroyed, PL
measurements (mainly excitation power-dependent measurement at LT and temperature cycles) on
flakes irradiated with different fluences could not be performed.

Conclusion

In conclusion, a monolayer WS2 has a single asymmetric emission band around 630 nm near room
temperature. Asymmetry is due to a contribution from trion emission slightly at lower energy
along with neutral exciton emission. Low temperature PL from a pristine WS2 monolayer shows,
besides a blue shifted exciton emission (615 nm) an additional emission band D0 at 660 nm related
to an intrinsic defect-bound emission band. Xe30+ ions with different fluences were irradiated on
the WS2 monolayers to intentionally create defects. Irradiated flakes show a slightly shifted D0
emission at 670 nm. Defect bound emission from irradiated samples undergo low temperature laser
processing, resulting in a new emission band (LA) which is reversible with temperature cycles.
Also, we find a correlation between the density of defects (Xe30+ ions fluences) and the amplitude
of LA emission with respect to the D0 emission and quantified the laser processing effect with
LA/D0 ratio.

46 Aswin Asaithambi



5.4. RESULTS AND DISCUSSION

5.4.2 WS2 sample batch 2
Low temperature PL studies of WS2 monolayers revealed defect-bound emission properties from
flakes of batch 1. As mentioned in the previous section, further measurements could not be per-
formed. For further studies, we obtained another sample nominally grown with the same parame-
ters. WS2 monolayers from batch 2 were synthesized in a similar way as batch 1 and the emission
properties were expected to be similar.

Figure 5.10: PL spectrum of monolayer WS2 at RT.

Figure 5.10 shows the PL spectrum at RT from an as-synthesized pristine WS2 monolayer flake
from batch 2. PL spectrum at room temperature shows only one asymmetric emission band at 628
nm with contributions from the recombination of excitons and trions. As observed for the flakes
from batch 1, no defect-bound emissions were observed in the RT PL spectrum. Figure 5.11 is
a 2D plot consisting of PL spectra at different temperatures and colorbar shows the normalized
intensity. The bottom line in the 2D plot corresponds to the spectrum at 83K and the top to 260K.
In this temperature-dependent PL spectroscopy, only one asymmetric emission band at 610 nm due
to the exciton and trion recombination was observed at LT, contrary to the observation from the
pristine flakes from batch 1, where defect-bound emission at 660 nm was observed due to intrinsic
defects present in as-synthesized monolayer flakes. A blue shift in the exciton and trion emission
energy was also observed with decreasing temperature.
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Figure 5.11: PL spectrum of monolayer WS2 at different temperatures at 1.5 µW excitation power.

No defect-bound emission from WS2 monolayer flakes from batch 2 indicates that there is no
optically active defect present in them. This indicates the higher quality of the samples from batch
2 compared to batch 1. A sample without optically active defects is well suited and desirable for
further experiments where defects were created intentionally with Xe30+ ions.
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(a) (b)

(c) (d)

Figure 5.12: Spatial PL map of WS2 monolayer showing (a) Excitonic amplitude dependency,
(b) Full width half maxima (FWHM) dependency, (c) oscillator strength dependency and (d) peak
excitonic wavelength dependency.

To further check the quality of the pristine flakes, a room temperature PL mapping was per-
formed and the important details are summarized in Figure 5.12. Figure 5.12a shows the excitonic
amplitude distribution across the flake. We see that the excitonic amplitude along with the oscil-
lator strength (Figure 5.12c) are not homogeneously distributed across the flake. The main reason
behind the inhomogeneity is the growth mechanism. The three lines emerging from the centre of
the flake and going all the way to the corner of the triangle shows less PL intensity. This behaviour
can be attributed to the presence of grain boundaries along these lines, which is also the case for
the PL intensity drop observed in the edges. Figure 5.12b shows FWHM dependencies across
the flake, FWHM value of 15 nm was observed homogeneously within the flake which is (2-4)
nm broader on the grain boundaries. Last, but not least, the excitonic emission wavelength (peak
wavelength at 628 nm) is homogeneous across the flake with shift ∆λ of less than 1 nm was ob-
served (see Figure 5.12d). This homogeneity in the emission wavelength indicates no variation in
strain across the flake. [He16a] High quality of the sample with no optically active defects makes
it suitable for the upcoming study.
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Hole No. Fluence(µm-2)

1 6000

2 4500

3 3500

4 2500

5 1500

6 500

7 -

8 -

9 -

1 2 3

4 5 6

8 97

Figure 5.13: Mask showcasing nine numbered holes and a table displaying the Xe30+ ion irradia-
tion fluences corresponding to the hole number.

Figure 5.13 shows a similar mask that was used for the flakes from batch 1 (Figure 5.5), except
that, we did not use fluences beyond 6000 µm−2 as higher fluences such as 10000 µm−2 and above
destroyed the complete PL of those monolayers. For the flakes from batch 2, the lowest fluence of
Xe30+ ions used was 500 µm−2 in hole number 6 and was increased to 6000 µm−2 in the following
steps: 500 µm−2, 1500 µm−2, 2500 µm−2, 3500 µm−2, 4500 µm−2 and 6000 µm−2 from hole
6 to hole 1 respectively. Flakes in hole number 7-9 were left un-irradiated for reference and for
studying the defect-bound emission properties that arise due to aging.
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Figure 5.14: PL spectrum at different temperatures at 1.5 µW excitation power of monolayer WS2
irradiated with the Xe30+ fluences of (a) 500 µm−2, (b) 1500 µm−2, (c) 2500 µm−2, (d) 3500
µm−2, (e) 4500 µm−2 and (f) 6000 µm−2.
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Figure 5.14a-f are the 2D plots displaying temperature-dependent PL spectra of Xe30+ ion ir-
radiated flakes with the irradiation fluences of 500 µm−2, 1500 µm−2, 2500 µm−2, 3500 µm−2,
4500 µm−2 and 6000 µm−2 respectively. Figure 5.14a shows the temperature-dependent PL from
WS2 monolayer irradiated with 500 µm−2 fluence. For the temperatures below 100K, two ad-
ditional defect-bound emission bands arise, besides the exciton emission band. Presence of two
defect-bound emission bands is different from the PL behaviour from flakes of batch 1, where
only D0 is present. With increasing fluence, the temperature at which the defect-bound emissions
are visible, increases. For example, for 500 µm−2, it is observable below 100 K and for 6000
µm−2, defect-bound emissions are observable below 160 K. Increasing fluences result in increase
in defect density and thereby defect-bound emissions are observed even at higher temperatures.

Figure 5.15: Low temperature normalized PL spectra of WS2 monolayers irradiated with different
fluences of Xe30+ ions. The two bands D1 and D2 related to defects are always observable in
different intensities besides the excitonic contribution.

For comparison, when we look at the spectra at 83K for all fluences and plot them in a stack
plot, as shown in Figure 5.15, we observe that the overall PL intensity drops down with increasing
fluences. As mentioned before, there are two additional emission bands, besides the exciton emis-
sion band and these additional bands are attributed to defect-bound emissions D1 and D2 at 650
nm and 720 nm respectively. For flakes irradiated with fluences from 500 µm−2 up to 3500 µm−2,
defect-bound emissions dominate the PL spectra and for fluences of 4500 µm−2 and 6000 µm−2 it
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is rather an excitonic emission that dominates. This is puzzling, as larger fluences should constitute
larger defect densities and hence larger defect-bound emissions compared to the respective exciton
emission is expected. The reason for this behaviour is, when the defect densities become larger,
it is highly probable that those defects (mainly point defects) would rearrange itself to form en-
ergetically favourable defect complexes (e.g. nano-pores) which can potentially be non-radiative.
Nevertheless, as mentioned in the previous section, for a fluence of 6000 µm−2 Xe30+ ion should
have an impact at the flake for every 12 nm and for a free-standing TMDC monolayers, these ions
creates nano-pores. [Kozubek19] Exciton emission from such flakes is still seen albeit with low in-
tensities. Loss in the intensity is attributed to material loss due to the larger defect formation. The
intensities from D1 and D2 emission tends to show a trend with the fluence. D2 emission dominates
the spectra for lower fluences and D1 for higher fluences. PL spectrum from the flake irradiated
with 2500 µm−2 fluence deviates from the trend, this might be due to a shadowing effect during the
irradiation process. Domination of D2 emission for flakes irradiated with lower fluences tells us
that, D2 is most likely due to simple defects such as sulphur vacancies decorated with physisorbed
adsorbates. Carozo et al, in their report, mentioned that the emission around 710 nm is due to the
sulphur vacancy defects. [Carozo17] And for D1 emission, the origin of this is still unknown, but,
from the results we observe, we could attribute this to defect complexes along with adsorbates that
make them radiative. [Tongay13]

Figure 5.16: PL spectrum at 83K of monolayer WS2 irradiated with Xe30+ ion fluence of 1500
µm−2 showing three emissions X0, D1 and D2 fitted with three Gaussian curves.

Focusing only on flakes irradiated with 1500 µm−2 fluence, Figure 5.16 shows the spectrum
at 83K, with 10 µW excitation power. The spectrum can be fitted almost perfectly with three
Gaussian curves. The same is true for all the fluences at low excitation power.

For WS2 monolayers from batch 1, at low temperature, the D0 emission can be laser processed

Aswin Asaithambi 53



5.4. RESULTS AND DISCUSSION

to a new defect-bound emission peak LA, which increases in intensity as the defect density was
increased (with Xe30+ ion irradiation). To check how the defect-bound emissions from WS2 mono-
layers from batch 2 behave, we adapted the same laser processing experiment procedure. To repeat,
PL from the flakes at 83K were recorded at increasing laser excitation power starting from 0.5 µW
up to 1500 µW in the sequence: 0.5 µW , 10 µW , 50 µW , 100 µW , 300 µW , 700 µW and 1500
µW . Flakes were then subjected to a decreasing power from 1500 µW down to 0.5 µW , to observe
the effect of the laser exposure. An argument to support the scheme of this experiment rather than,
exposure to high power for a certain time, like He et al., reported in their article [He16b] was that,
we could see the evolution of the changes in the defect-bound emission.

Figure 5.17: PL spectra of WS2 monolayer at 83K at different excitation power for flakes irradiated
with 1500µm−2 fluence of Xe30+ ions.

For further studies, we first take a look at the excitation power-dependent PL spectra of a WS2
monolayer flake irradiated with 1500 µm−2 fluence of Xe30+ ions. Figure 5.17 shows the stack
plot containing PL spectra recorded at increasing excitation power (0.5 µW , 100 µW , and 1500
µW ) shown in red lines and subsequently with decreasing excitation power in blue lines. Initially,
at low excitation power, PL was dominated by D2. With increasing excitation power free exciton
emission increases more than the D1 and D2. At the highest excitation power, the spectra are
dominated by X0 emission. Whilst decreasing the excitation power, unlike the WS2 monolayers
from batch 1, where, D0 emission band was always persistent. Here, D2 emission band vanishes
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almost completely and D1 emission band probably evolves into a different defect-bound emission
(LA) at 630 nm after laser processing, like the flakes from batch 1. Interestingly, no gain in the
exciton emission was observed, even after such a decrease in the defect-bound emissions as shown
in Figure 5.18. Similar results were observed for flakes irradiated with other fluences as well (see
Figure A.6, A.7, A.8, A.9 and A.10).

Figure 5.18: PL spectrum of monolayer WS2 at 83K before (red) and after (blue) laser processing.

Figure 5.19a and 5.19b show the intensity and wavelength dependence of exciton recombina-
tion (red), D1 emission (green) and D2 emissions (blue) with changing excitation power. In Figure
5.19a, a clear linear dependence of emission due to exciton recombination was observed, whereas,
D1 and D2 show a sub-linear dependence. Sub-linear dependence in D1 is attributed to the limita-
tion in the number of defect site responsible, as the total number is rather expected to be finitely
limited compared to free exciton and hence the sub-linearity. In case of D2, we also observed a
complete absence of D2 intensities after 700 µW , that means, besides the limited number of such
defects, there is also annealing of those defects that reduces the number further down.
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Figure 5.19: (a) Double logarithmic plot of intensity against excitation power and (b) peak emis-
sion wavelength against excitation power for X0 (red), D1 (green) and D2 (blue).

Besides the lowering of intensities in D1 and D2 emissions, we observed a blue shift in the
emission maxima of D1 and D2 emissions as shown in Figure 5.19b. D2 emission maximum
shows a shift from 720 nm to 700 nm until the excitation power of 700 µW whilst increasing
power, after which D2 emission almost vanishes even when the excitation power was decreased
to 0.5 µW (see Figure 5.17). D1 emission band blue shifts in a similar fashion as D2, it shifts
from 650 nm at 0.5 µW to 630 nm at 700 µW , which is probably the LA peak. The reason for
this shift in emission maxima in D1 and D2 cannot be due to strain, changes in temperature or the
dielectric environment as these would also influence the X0 emission, which does not show such
changes. D1 emission peak after laser processing or annealing, is approximately 60 meV below
the free exciton emission. We attribute this as a new laser activated defect peak, because, trion is
about 30 meV below neutral exciton energy level for these materials. Kastl et al., reported that, this
neutral exciton and trion separation can be increased up to 60 meV if the free carrier concentration
is large enough, [Kastl19] but, we observe this new peak for all flakes, independent of the fluence
of Xe30+ ion irradiation and thereby defect density and most probably free carrier concentration.
Also, we observe this new emission at low excitation power after the laser exposure. These results
lead us to conclude that, D1 emission most likely transforms into LA or D1 is annealed at higher
laser excitation power and LA gets activated due to high laser excitation power as reported by He
et al. [He16b] Thus far, we were able to observe and laser process the D1 and D2 emission, with
D1 emission laser processed to LA emission and D2 emission transformed to non-radiative defect
channels.
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Now, the question arises, if these transformations of defect-bound emission properties are per-
sistent. If not, what are the factors that affect these properties?

Figure 5.20: PL spectra at 83K with 0.5µW excitation power of sample 2 irradiated with 1500
µm−2 fluence of Xe 30+ ions at different cycles: a: before laser treatment, b: after laser treatment,
c: after one temperature cycle (83K to 295K to 83K still under vaccum), d: after second tempera-
ture cycle, e: after second laser treatment, f: after another temperature cycle along with purging of
air at room temperature.

Figure 5.20 shows different temperature cycles for one flake irradiated with 1500µm−2 Xe30+-
ion flux. Starting with the as irradiated sample (curve a), we accomplished a first laser excitation
process. The spectrum changes as already described above with only the excitonic contribution
together with the "LA"-peak observable (curve b). After this process, the sample was heated up
to RT and cooled down afterwards again. Then the third spectrum was recorded (curve c), which
showed that D1 and D2 are recovering. But the intensity of D1 is stronger than D2. After a second
temperature cycle, D1 and D2 still increase in intensity, favoring D1 (curve d). After that second
temperature cycle, we performed another laser excitation process, to find out if the laser induced
engineering of the luminescence properties is still working. The spectrum after this process (curve
e) looked very similar compared to the spectrum after the first excitation process (curve b). At the
end, the temperature was raised to RT again and the cryostat was opened, to allow air to come in
contact with the sample. Afterwards, the sample was cooled to 83K again and the last spectrum
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was recorded (curve f), which showed almost the same features as after the first temperature cycle
conducted under vacuum (curve c).

These different temperature cycles lead to the following observations. First, the laser process-
ing is in principal reversible, as it was reported from He et al. for the LA peak. The difference
is that the relative strength of D1 and D2 is different after the laser processing. Second, bringing
the temperature up to RT has a larger influence on the recovery of the PL spectrum, than bringing
the sample in contact with air. This leads to the conclusion that for this monolayer flake the laser
processing might lead to desorption of physisorbed molecules that most probably bind to defects
created via the irradiation of the sample with Xe30+-ions. By the increase of the temperature up
to RT, molecules physisorbed at the surface of the WS2-monolayers are getting mobile again and
bind to the bare defects, which are still there, because of an energetically favored configuration
compared to the bare defects. Keep in mind that the area, which we annealed is only in the or-
der of the focused laser spot. The lower intensity of D2 compared to D1 after laser processing
and temperature cycle might have its reason in a partial transformation of defects under laser ex-
citation, which was observed e.g. for sulphur vacancies mobilized by electron beam irradiation.
These isolated vacancies formed line defects during the e-beam irradiation. For isolated sulphur
vacancies an energy barrier of ≈2.3 eV was calculated for MoS2 monolayers, which is drastically
lowered for neighbouring vacancies to about 0.8 eV. [Komsa13] This hopping barrier might also
be overcome by the laser irradiation, leading to a rearrangement of sulfur vacancies assuming that
the hopping barrier is of similar energy and the behaviour for WS2 monolayers.

Figure 5.21: PL spectrum at 83K of monolayer WS2: pristine as-synthesized (black), pristine aged
(green), after low temperature laser processing (blue) and after room temperature laser processing
(red).

As mentioned earlier in this section, we also wanted to study the defect-bound emissions re-
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lated to aging of the unirradiated WS2 monolayer. In Figure 5.21, the black curve is the PL at 83K
from pristine WS2 monolayer flake showing none to little defect-bound emission bands, the green
curve, however, is the PL at 83K from an aged (≈ 8months) unirradiated WS2 monolayer. Aged
unirradiated WS2 monolayers (aged flake) show similar defect-bound emission bands compared
to the flakes irradiated with low fluences of Xe30+ ions. PL from aged flakes at low temperature
(83K) has two emission bands D1 and D2, with D2 dominating the spectrum at low excitation
power. The aged sample could also be laser processed at low temperature, the blue curve is the
low temperature laser processed spectrum and it looks very similar to the PL from pristine flake
(black curve), with slightly increased emission in the lower energy side, which could be due to
LA emission band. Aging of irradiated flakes resulted in a significant reduction in the PL emis-
sion properties. Arguments from the temperature cycle, He et al., and Kastl et al., we speculated
that D1 emission band is due to defect complexes and associated adsorbates and D2 is due to iso-
lated single vacancies such as sulphur vancancy and associated adsorbates. [He16b, Kastl19] To
strengthen this argument, we performed room temperature laser annealing. As a result, we should
not expect a significant change in the D1 emission and should expect to see changes in D2 emis-
sion (compared to unexposed flakes) as laser processing might transform the single defects into
defect complexes. [Komsa13] The red curve in Figure 5.21 is the spectrum at 83K after the sam-
ple was subjected to high power of laser excitation at RT and D2 emission band is almost absent
in this case. Observations from Figure 5.21 strengthens our argument for the origin of both D1
and D2 that, D1 is due to decorated defect complexes and D2 is due to simpler decorated vacany
defects. Lu et al, in their report, said that, upon irradiation of the WSe2 flakes with high power
532 nm laser light, chalcogen vacancies get substituted by the atmospheric oxygen. [Lu15] Also,
Komsa et al, couldn’t distinguish between unoccupied vacancy defects and oxygen substitution in
MoS2. [Komsa13] From these observations and the literature reports, we think that the origin of
D2 emission bands could also possibly be from oxygen substituted vacancy defects decorated with
adsorbates.
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D2/D1 ratio

Figure 5.22: PL map of aged pristine monolayer WS2 at 83K showing D2/D1 ratio across the flake.
Dashed red line indicates an approximate edge of the flake.

Kastl et al., reported that single sulphur defects are found more near the edges of the flake.
[Kastl19] Low temperature PL map (Figure 5.22) reveals that the D2/D1 ratio is much higher
closer to the edge than from the middle of the flake for the aged sample. This further supports the
argument for the origin of D2 emission band, that, it is due to decorated single vacancy defects.

Conclusion

In conclusion, we observe that WS2 monolayers grown via CVD process as described in section
5.2 from batch 2 has emission from exciton recombination around 630 nm at room temperature
and shifts to higher energy at low temperature. Low temperature spectra of pristine flakes show
litte to none defect-bound emission. Xe30+ ions were irradiated onto the sample with different
fluences. Flakes irradiated with lower fluences (500 µm−2, 1500 µm−2 and aged unirradiated
flakes) show two defect-bound emission bands (D1 and D2), with D2 dominating the low tem-
perature spectrum. Flakes irradiated with higher fluences (6000 µm−2 and 4500 µm−2) show D1
dominating the spectrum at low temperature. PL intensity decreases with an increase in Xe30+ ion
fluences as the defect density increases. Both D1 and D2 emission bands from WS2 monolayers
were laser processed at low temperature, with D2 vanishing completely and D1 probably trans-
formed to LA emission. These laser processing is reversible, the temperature cycle (LT-RT-LT)
results in defect-bound emissions recovery with D1 recovering faster. These results, along with the
published reports from different groups, we conclude that D1 emission is due to defect complexes
with associated adborbates and D2 is due to isolated single defects with adsorbates, where, these
isolated single defects can be transformed to defect complexes with high power laser irradiation.
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5.5 Comparision between batch 1 and 2
In this concluding section, differences in the PL emission behaviour between WS2 monolayer
from batch 1 and batch 2 have been discussed. Starting with the similarities, both sets of batches
of flakes were synthesized using the same technique described in section 5.2. Both show a nar-
row exciton emission band around 630 nm and do not show any defect-bound emission bands at
room temperature. PL emission maxima shifts to the lower wavelength when the temperature was
lowered (≈ 610 nm at 83K). Pristine flakes from batch 1 showed one defect-bound emission (D0)
at 660 nm, whereas, pristine flakes from batch 2 showed no defect-bound emission peaks albeit,
they were both grown via the same synthetic technique. Upon creation of defects via Xe30+ ion
irradiation at different fluences on flakes from both batch 1 and batch 2, flakes from batch 1 still
had the similar defect-bound emission D0, regardless of the fluence. Flakes from batch 2 showed
two defect-bound emissions (D1 and D2) at 650 nm and 720 nm respectively for lower fluences
and predominant D1 at higher fluences. Defect bound emissions from the flakes from both batches
were able to be laser processed at low temperatures. D0 emission band of WS2 monolayers have
been laser processed to LA from batch 1, D1 emission band to LA from batch 2, but, D0 recovered
when the laser power was lowered again, which is not the case for D1. There was no D2 for flakes
from batch 1, D2 from batch 2 has vanished completely after laser processing. From these results,
along with the temperature cycle measurements and the literature, we were able to identify the
origin of D2. We attribute the origin of D2 emission band to single vacancies decorated with adsor-
bates and oxygen-related substitutions (along with adsorbates). The origin of D0 and D1 emission
bands are tentatively attributed to defect complexes along with absorbates, but the exact origin is
still unsolved. The main conclusion that we want to emphasise in this section is, even though both
batches of flakes were produced via the same technique, the nature of defects responsible for the
defect-bound emissions is somehow "encoded" during the synthesis. Slight differences that are
unable for us to observe during the synthesis has a profound influence on the kind of defects it will
posses. Therefore, it is still necessary to optimize the synthesis in order to achieve the potential this
class of material promises. The defect-bound emissions from samples from both batches can be
altered/engineered via exposure to higher laser power and also reversibly with temperature cycles.
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Chapter 6

Spectroscopic characterisation of BODIPY
crystalline rods

This chapter is mostly based on the work done by us that had been published in the Journal Of
Physical Chemistry C with the inclusion of data from extended work. [Asaithambi19]

6.1 Motivation

BODIPY dyes are a class of optically active organic compounds, based on a 4,4-difluoro-4-bora-
3a,4a-diaza-s-indacene (or boron-dipyrromethene) core. [Burghart99, Okada16] Because of their
high fluorescence quantum yield and tunable emission wavelength, they have found a wide range of
applications, e.g. as fluorescent labels, chemical sensing, or laser dyes. [Ehrenschwender11, Mon-
sma89, Shah90] They exhibit long-term stability and are compatible with polymer technologies,
which makes them attractive for use in solar cell concentrators and organic light-emitting de-
vices. [Altan Bozdemir11, Tang87] Variations to their structure make it possible to tune their op-
tical properties and solubility. [Xiao07] For technical applications, the solid form of BODIPY
is more desirable than its solution. [Altan Bozdemir11] In the solid form, however, interaction
among the molecules, such as J or H aggregation (amorphous aggregation of molecules), may lead
to blue- or red-shifted emission. Aggregation can even lead to a complete quench of the fluores-
cence. [Kim17] One strategy to overcome this problem is the introduction of a suitable group at
the meso position to prevent aggregation through steric hindrance. [Ozdemir09] In this chapter,
we investigate the optical properties of micro-crystals of the BODIPY derivative shown in Figure
6.1a.

6.2 Sample synthesis and fabrication

The synthesis of the samples had been carried out by our collaborators Prof. Yamamoto’s group in
Tsukuba University, Japan. The synthesis is described briefly in the following: A 5 mM solution
of BODIPY in tetrahydrofuran (THF) is injected into water with Cetrimonium bromide (CTAB)
as a surfactant, and the mixture is sonicated for 5 min. Allowing the solution to settle overnight
leads to the formation of micrometer-size rods with crystalline habit (see Figure 6.1b). Note that
the presence of the surfactant improves crystal growth, however, it does not affect the optical
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properties of the resulting micro-rods, discussed below. Also, THF can be replaced by acetone or
ethanol without changing the results. [Asaithambi19] All these rods are stable in water and were
drop cast on either quartz or Si/SiO2 substrate for further optical studies.

Figure 6.1: (a) Molecular structure of BODIPY and its fluorescence in THF solution (excitation
wavelength λex = 365 nm) [Kee05]. (b) Schematic representation of the preparation procedures of
green and red rods of BODIPY. (c, d) Fluorescence microscope images of green (c) and red (d)
BODIPY rods, λex = 400 – 450 nm. The bright spots at the end of the rods indicate light guidance
by total internal reflection and demonstrate the high optical quality of the micro-crystals. The insets
in (c) and (d) show the appearance of the micro-crystals in solution under UV illumination. (e, f)
Fluorescence (e) and optical (f) microscope images of BODIPY rods with optical heterostructure,
λex = 400 – 450 nm. All the images were taken in Prof. Yamamoto’s group in Japan.

6.3 Results and discussion
Figure 6.1c and 6.1d show fluorescence microscopy images of typical micro-rods, fabricated as
described in the previous section. Under near-ultraviolet illumination (400 – 450 nm wavelength),
most rods exhibit bright green emission similar to the monomer solution in THF shown in the inset
of Figure 6.1a. Besides the green emitting rods, rods with emission ranging from green all the
way to red (see Figure 6.1d) have also been found. Using the described fabrication method, the
resulting color of the rods is not well defined; we observe micro-crystals with different emission in
different batches (see Figure 6.1c and 6.1d) and even single rods with discrete, differently colored
sections, see Figure 6.1e. The PL quantum yields of green and red emitting rods were determined
to be 0.12 and 0.10 respectively.
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Spies et al. have found similar observations on different BODIPY derivative. They were able
to obtain different crystal habits depending on the details of the crystallization process. They found
that different crystal habits exhibit different emission colours. Interestingly, all the crystal habits
showed the same short range order in the crystalline structure and concluded that long range order
is crucial in determining the emission properties of the crystals. [Spies13] We propose that the
difference in the emission properties of crystals grown with our BODIPY derivative have a similar
origin. Though this study is focused on a specific compound, the results are more general.

Figure 6.2: Diffuse reflectance spectra (DRS) from single green emitting BODIPY rod (in green)
and red emitting BODIPY rod (in red).

Green, red and striped rods, independent of their fluorescence emission, the rods appear green
in color under an optical microscope, illuminated with white LED (see Figure 6.1f). Diffuse re-
flectence spectrum from a single rod gives out an approximate absorbance curve. Figure 6.2 shows
the diffuse reflectance spectra from a green rod (in green) and red rod (in red), this experiment
concludes that there is little to no difference in the absorption between green and red rod.
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To better understand the emission properties of these rods, we performed micro photolumi-
nescence (µ-PL) spectroscopy on single rods. PL spectra under 405 nm laser light excitation for
“green” and “red” rods are shown in Figure 6.3a and 6.3b, respectively. The “green” rod exhibits a
strong emission band around 550 nm, while the “red” rod has emission band above 650 nm. Note,
however, that both rods show light emission over the entire spectral range between 525 nm and
800 nm. The distinct, short wavelength cut-off at 525 nm in both spectra (referred as "Max E")
agrees well with the absorption edge of the BODIPY monomer in solution, shown in the inset of
Figure 6.3a.

Figure 6.3: PL spectrum of (a) green emitting and (b) red emitting BODIPY rods at 296 K. The
inset in (a) shows the absorption spectrum of the BODIPY monomer in solution.

The presence of multiple emission bands indicate that there are different species present in the
rods, which emit in different spectral regions (green, orange, or red mainly). The colors that appear
in the fluorescence microscopy images are the result of different amounts of the respective species
in each rod. Even rods that do not have as well-separated phases as the ones in Figure 6.1e but
seem macroscopically homogeneous are composed of domains with different emission properties.
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Figure 6.4: (a) PL spectra of green emitting BODIPY rod at different temperatures (b) PL spectra
of a red-emitting BODIPY rod at different temperatures. (c) Arrhenius plot of the ratio between
green and red intensities at different temperatures. (d) Room temperature line scan along a single,
striped BODIPY rod.

This assumption is supported by temperature-dependent PL spectroscopy on a single rod. Fig-
ure 6.4b shows how the PL of a “red” rod evolves, as the temperature (T) is lowered from 296
K to 85 K. With decreasing T, the emission in the red (around 650 nm) decreases, while at the
same time, the green part of the spectrum increases in intensity. Note that the individual peaks in
the spectrum do not shift but rather change their relative intensities. As an example, the dominant
peak in the low-temperature spectrum is indicated by an arrow in the high-temperature data. PL
measurements of “green” rods, on the other hand, do not show such a pronounced temperature-
dependent change in the spectral weights, see Figure 6.4a. Furthermore, at low-temperatures, the
PL spectra of “green” and “red” rods become quite similar. Figure 6.4c quantifies the thermally
induced diffusion by an Arrhenius-plot of the ratio of the green (560 nm) and red (650 nm) emis-
sion intensities. The fit (red line) using equation 6.1, where Ig and Ir are the intensities of green
(560 nm) and red (650 nm) contribution, I0 is the initial intensity and k is the Boltzman constant,
gives an activation energy Ea of 18 meV.

log
(

Ig

Ir

)
= log(I0)−

Ea

kT
(6.1)
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We explain these experimental observations using a simple model (see Figure 6.5), based
on the fact that the solid form of BODIPY can exist in different crystal modifications. Such
polymorphism in BODIPY was first reported by G.-G. Luo et al. [Luo13] In their report, for 4-
Methoxycarbonylphenyl-substituted BODIPY, they found several different crystalline polymorphs,
which exhibit characteristically different emission properties. In our case, we assume that at least
two crystalline polymorphs can be present in a single rod. One of them (labelled BODIPY(g) in
the following) has a large HOMO-LUMO separation, characterized by PL emission in the range
of 530–580 nm, similar to that of the BODIPY monomer, but somewhat red-shifted because of its
crystalline order. The other modification, BODIPY(r) exhibits a reduced HOMO-LUMO energy
difference, hence, emission in the red spectral range, possibly caused by the coupling of molecu-
lar orbitals among neighboring molecules. Figure 6.5 schematically depicts the resulting energy
landscape, when a small amount of BODIPY(r) is embedded in BODIPY(g).

E
n
er
g
y

Spatial co-ordinate

Figure 6.5: Model showing the energy landscape in real space of a single rod that describes the
hopping and recombination of excited charge carriers in different regions (BODIPY(g) and BOD-
IPY(r)).

At room temperature, electron-hole pairs that are optically excited in BODIPY(g) can dif-
fuse to the regions with BODIPY(r), where they recombine by the emission of red light. There-
fore, even in rods that predominantly consist of BODIPY(g), the PL emission will appear as
red. This somewhat resembles the processes in inorganic semiconductor heterostructures, such
as GaAs/AlGaAs quantum wells, where also the PL emission will be dominated by recombination
in the low-bandgap region (GaAs), even when the material is excited in the high-bandgap envi-
ronment (AlGaAs). [Fox17] Note that, comparing Figure 6.1e and 6.1f, the optical microscopy
images do not show a clear stripe pattern, indicating that photoabsorption is almost the same for
both BODIPY(g) and BODIPY(r), which supports the model shown in Figure 6.5 and is supported
by the diffuse reflectance spectra shown in Figure 6.2.
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With decreasing temperature, diffusion of the optically generated carriers will be reduced, and
fewer of them will be able to reach the low-energy regions of BODIPY(r) due to the hopping bar-
rier. Therefore, the red emission will decrease in intensity while the green emission will increase
(see Figure 6.4b).

Depending on the amount of regions composed of BODIPY(r) the intensity ratio between the
green and the red emission band will vary along a single well-shaped rod, if the ratio between
BODIPY(g) and BODIPY(r) is changing. This was indeed observed for line scans of the emission
at RT along single, striped rods (see Figure 6.4d). That corroborates the model given above that
small regions (presumably below 1 µm) of BODIPY(r) are incorporated in BODIPY(g).

Following experiment was performed by Dr. Saeki in Japan to understand the conductivity of
these BODIPY rods. Flash-photolysis time-resolved microwave conductivity (FP-TRMC) exper-
iments clearly show the difference of photogenerated charge carrier half-life (τ1/2) and φΣµ (the
product of the photon-to-carrier conversion efficiency and the sum of charge carrier mobilities)
between BODIPY(g) and BODIPY(r) (Figure 6.6a). [Saeki11] The τ1/2 values of BODIPY(g) is
7.7 x 10−5 s, which is roughly 2 orders of magnitude longer than that of BODIPY(r) (8.9 x 10−7 s,
(Figure 6.6b). Furthermore, φΣµ of BODIPY(g) (2.8 x 10−4 cm2 V−1 s−1) is 5-fold greater than
that of BODIPY(r) (5.5 x 10−5 cm2 V−1 s−1, Figure 6.6c). These results supports the assumption
that micro-crystals of BODIPY(r) have many narrow bandgap sites, which trap photocarriers ef-
ficiently after the laser flash, leading to shorter τ1/2 and smaller φΣµ in comparison with almost
trap-free BODIPY(g) micro-rods. Taking φΣµ ≈ 3 x 10−4 cm2 V−1 s−1 as a lower limit for the
carrier mobility and using the Einstein-relation, [Islam04] we can estimate the diffusion constant
in the green rods, D ≈ 8 x 10−10 m2 s−1. Together with the measured carrier lifetime τ1/2 ≈
10−4 s this gives a rough estimate of around 1 µm for the diffusion length. Therefore, diffusion
of photoexcited carriers can cover large areas inside the rods until they encounter a recombination
site, as depicted in Figure 6.5.

Figure 6.6: (a) TRMC profiles at 25 ◦C of cast films of BODIPY(g) (green) and BODIPY(r) (red)
upon laser flash at 355 nm. (b, c) Bar graphs of τ1/2 (b) and φΣµ(c) for BODIPY(g) (green) and
BODIPY(r) (red).

X-ray diffraction measurements had been performed by our collaborators (Prof. Yamamoto’s
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group) in Japan. We were able to obtain a single crystal of BODIPY(r) with a dimension of 0.41
x 0.058 x 0.013 mm3, which is large enough for single crystal X-ray diffraction (XRD) studies.
According to the XRD data, BODIPY(r) forms orthorhombic crystals with space group Pbca (see
appendix Figure A.11 and Figure A.12). Importantly, the crystal structure hardly changes upon
cooling from at 298 K (red PL) to 93 K (green PL) with only less than 1.5% shrinking of the lattice
parameter. These results indicate that the change of the PL color upon lowering T does not result
from the structural phase transition but from the change of the diffusion length of photogener-
ated charge carriers. The crystal packing of the BODIPY molecules (Figure A.11) is incompatible
with J or H aggregation, so that the green and orange emission energies cannot be explained by
aggregation-induced, bathochromic or hypsochromic shifts with respect to the monomer. Unfor-
tunately, single crystal of BODIPY(g), large enough for XRD, has not been obtained. However,
the powder XRD pattern of BODIPY(g) is almost identical to that of BODIPY(r) (Figure A.13).
Small differences in the relative intensities of the peaks and additional structure at low scattering
angles (<10°) may indicate, however, different long-range order in BODIPY(g) and BODIPY(r).

Figure 6.7: Fluorescence micrograph of initially green BODIPY rods, before (a) and after exposure
to EtOH vapor for 12 (b), 24 (c) and 36 hours (d).
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The co-existence of two crystal phases with different optical properties has recently also been
observed in the solution-mediated growth of GaAs nanowires. [Spirkoska09] While GaAs will gen-
erally crystallize in the zincblende structure, the high liquid supersaturation present in the growth of
gold-catalyzed GaAs nanowires can lead to the formation of wurtzite GaAs. [Spirkoska09,Glas07,
Joyce10] This follows the Ostwald step rule, [Santen84] which states that rapid crystallization
from a solution takes place so that a thermo-dynamically unstable phase occurs first, which then,
in a second step, will recrystallize into a more stable phase. We believe that a similar mechanism
is at work in the present compound, with BODIPY(g) being the less stable modification and BOD-
IPY(r) the more stable one. Indeed, we find that rapid growth will preferentially result in green
emitting rods, while slow growth will lead to more red emitting crystals. Also, green emitting rods
that are exposed to ethanol vapor for extended periods (12–36h of solvent annealing) [Sinturel13]
will slowly convert to red-emitting ones (Figure 6.7a-d).

While this demonstrates some degree of control over the emission properties of the rods, (BOD-
IPY(g) vs. BODIPY(r)), it would be highly desirable to find growth conditions, which enable a
precise control over the stepwise variation in the HOMO-LUMO gap (similar to the serendipi-
tously created, striped crystals in Figure 1e and f). This would open up the possibility to tailor the
energy landscape in a similar fashion as the “bandstructure engineering” in inorganic binary and
ternary semiconductor compounds. [Fox17]

6.4 Conclusion
In summary, micrometer-sized crystalline rods of BODIPY were grown from solution. Fluo-
rescence microscopy images and photoluminescence spectra show different forms of BODIPY,
emitting in the green, orange, and red spectral region. From temperature-dependent photolumi-
nescence, it is concluded that BODIPY crystals can exhibit different HOMO-LUMO gaps, and
optically excited carriers can diffuse from the wide-gap to the narrow-gap region with a typical
hopping barrier of ≈ 18 meV. This model is supported by PL line scans along striped rods and
by FP-TRMC. Different growth rates and solvent annealing suggest that the orange-red-emitting
crystal structure is the thermodynamically more stable form of BODIPY. These findings may lead
to optically active BODIPY heterostructures, similar to those used in inorganic semiconductor
technology.
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Chapter 7

Rydberg like states in BODIPY rods

7.1 Motivation

This chapter is an extension of the work from the previous chapter. Semiconducting organic solids
have always produced intriguing new physics different from inorganic semiconductors. In the
previous chapter, spectroscopic characterization of the BODIPY micro-rod crystals were explained
and we concluded that there is a coexistence of multiple crystalline phases within a single rod with
interesting photo-physical properties. We observed another intriguing emission characteristic from
these BODIPY rods (green rods specifically). On top of a broad luminescence (see Figure 6.3a and
6.3b), we observed a set of peaks with interesting energy spacing between them, detailed analysis
of those sets of peaks are reported in this chapter.

7.2 Results and discussion

PL spectra of most as-synthesised green BODIPY rods (Figure 6.3a) and some red BODIPY rods
(Figure 6.3b), show, besides a broad luminescence, a set of peaks superimposed on that broad
luminescence in the green spectral range. Figure 7.1 is a typical example of such a spectrum. Most
of these BODIPY rods are tens of micrometers in length, 2-5 micrometers in width and height
around one micrometer. One of the idea was that these sets of peaks are due to etalon effect i.e. the
formation of standing waves across the length, width or height of the rod resulting in a set of peaks
in the spectrum. Unequal spacing of the peaks as a function of the energy rules out this effect.

The solution to 1-D potential well results in equation 7.1 shown below where "n" is the energy
level, "h̄" is the Planck’s constant, "m" is the mass of the particle and "a" is the size of the parti-
cle. Formation of quantum well like structure within the rod might result in the peaks following
equation 7.1, except, the energy scale is in the opposite and hence confinement effect is ruled out.

En =
n2π2h̄2

2ma2 (7.1)

72



7.2. RESULTS AND DISCUSSION

Figure 7.1: PL spectrum of green emitting BODIPY rod at RT with a set of peaks corresponding
to principal quantum number n ranging from 9-16.

Surprisingly, these sets of peaks with their respective energies, follow a 1/n2 rule. In Figure
7.1, each of the peaks is marked with a natural number n, from 9 to 16. Inverse square of these
numbers with the energies of those peaks satisfies the equation 7.2, known as Wannier-Mott exciton
equation, where En is the energy corresponding to the level, Eg is the bandgap and E0 is an effective
Rydberg energy.

En = Eg−
E0

n2 (7.2)
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Figure 7.2: Linear fit of peak energy E (n) against n−2 .

Figure 7.2 shows the evaluation of the sets of peaks against the inverse square of the natural
number shown in the Figure 7.1. We observe a near perfect linear fit in this curve. Such behaviour
is known from Rydberg atoms such as hydrogen, and Wannier excitons. Note that, the principal
quantum number in our case is as large as 16, making it a giant exciton. In fact, Kazimierczuk et al.,
observed such giant Rydberg excition, where they were able to probe n up to 25 via transmission
spectroscopy in cuprous oxide. [Kazimierczuk14]

Evaluation of the peak positions within the Wannier exciton model returns Eg and E0. Eg and
E0 from Figure 7.2 are around 2.35 eV and 20 eV respectively. This is puzzling because, the
Rydberg energy from a hydrogen atom is 13.6 eV, which is 7 eV less than what we observe. Eg, on
the other hand, matches well with the absorption edge of these rods. Evaluating the ground state n
= 1 in this case, suggests that, the first level is buried deep in the valence band or even below.
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Figure 7.3: Linear fit of peak energy E (n) against n−2 from 32 different BODIPY rods.

To verify if the effective Rydberg model can be applied to the spectra of other BODIPY rods,
we looked at 32 different BODIPY rods which show such emission characteristics and evaluated
those peaks by fitting them with equation 7.2 (shown in Figure 7.3). The most consistent part from
the fit is the y-intercept, which is Eg from equation 7.2. Curves from the 32 different BODIPY
rods can be extrapolated to almost a single point on the y-axis, which corresponds to the value of
≈ 2.36 eV which is the bandgap of the material (see absorption and emission edges in Figure 6.3).
But, we observe different slopes (E0 or effective Rydberg energy) for different rods.
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Figure 7.4 shows the different E0 or effective Rydberg energy values from each BODIPY rod,
sorted in ascending order. E0 ranges from less than 1 eV up to 23 eV. An effective Rydberg energy
of a hydrogen-like system follows the equation 7.3, to understand this change in the E0 value, we
investigate the various parameters that could potentially result in this observed change in the E0
value.

Figure 7.4: Range of E0 (effective Rydberg energy) from 32 different BODIPY rods. Blue circles
correspond to the E0 values obtained from BODIPY rods grown without the surfactant. Red circles
indicate E0 values from BODIPY rods where the information about growth with or without the
surfactant was not documented.

E0 =
me f f Z2e4

8ε2
e f f h̄2 (7.3)

As equation 7.3 shows, E0 depends on the effective mass of the charge carriers (me f f ), square
of the number of charge (Z), fourth power of the elementary charge (e) and inverse square of the
effective dielectric constant (εe f f ). We do not have any information about the me f f and εe f f of the
material and assuming that these are indeed constant. We should observe clusters of E0 values or
steps in Figure 7.4. None of these parameters seem to have any correlation.

There is one interesting observation though, in the previous chapter 6, it is mentioned that
green rods can be grown with and without the use of a surfactant (CTAB in this case). Presence
of the surfactant seems to affect the optical properties of the grown rods. Blue dots in Figure 7.4
corresponds to the E0 from BODIPY rods grown without CTAB and it can clearly be seen that, rods
grown without CTAB (blue circles in Figure 7.4) show lower E0 values. Now, this is clear evidence
for the influence of the surfactant on such Rydberg like emissions, but how, is still unknown.
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Figure 7.5: PL line scan along a single (a) green emitting BODIPY rod and (b) striped BODIPY
rod.

With E0 being different for each rod, we wanted to know if the same is true for within a single
rod, because, they show polymorphism and are poly-crystalline in nature. Figure 7.5a and 7.5b
show a PL line scan from a green rod and a striped rod that show this Rydberg like emissions
respectively. In both cases, the peak positions regarding the Rydberg like emissions remain the
same within a single rod with only the relative amplitudes differing.

With the limited experiments that we have, we propose a possible model that, every rod that
shows this property have this Rydberg recombination center embedded within a single rod and this
recombination center is different for each rod. We explain these results and the possible origin for
such recombination centers using Wannier exciton model. The states have been probed in the PL
excitation spectroscopy of MoS2, WS2 [Hill15] and giant Rydberg states in Cu2O via transmission
spectroscopy. [Kazimierczuk14] Given the unusually large Rydberg energies or E0 values, it could
be a deep center in the material due to charges residing in the vicinity.
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7.3 Conclusion
BODIPY rods, in particular, the green rods, show besides a broad luminescence, a set of peaks with
energies that follow a 1/n2 rule and such behaviour is known from Rydberg atoms and Wannier
excitons. Emissions from these principal quantum levels can be as large as 16 and as low as 3.
Levels with principal quantum numbers 1 and 2 were never observed. E vs n−2 evaluation with
equation 7.2 returns consistent Eg value of ≈ 2.36 eV which corresponds to the bandgap of the
material, but, different E0 for each rod and similar E0 value within a single rod. Thus, the Rydberg
model seems to be appropriate to phenomenologically explain the resonance peaks found in many
BODIPY rods.

However, many important questions are left unanswered in this chapter; some of which are
listed below:
1. What is the origin of these Rydberg-like states?
2. Why do we observe emission from Rydberg-like states with such high principal quantum num-
bers (up to n = 16)?
3. Why is there only one kind of Rydberg-like states in a single rod?
4. Why do we observe different E0 for different rods?
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Chapter 8

Summary and Outlook

The summary of this thesis can be broadly divided into three parts based on the material under
study, which are silicon nano-particles, WS2 monolayers, and semiconducting crystalline BOD-
IPY micro-rods. µ-Photoluminescence spectroscopy was the main technique used for studying
the optical properties of these systems. The theory and technique are discussed in part I which
includes chapters 1 and 2.

In part II, which includes chapters 3 and 4, spectroscopic studies on silicon nano-particles
were discussed. These silicon nano-particles (SiNPs) were synthesised via a large scale gas phase
plasma assisted technique and were capped with fluorine forming a shell around the nano-particle
in the group of Prof. Kortshagen, USA. Silicon nano-particles studied in this thesis have sizes
around 3 nm which corresponds to a bandgap of 1.8 eV. Due to the indirect bandgap nature, PL
lifetime in these nano-particles is relatively longer (≈ 100 µs) compared to CdSe (≈ 10 ns). In
chapter 3 of this thesis, the interaction of metals such as gold and silver with the silicon nano-
particles had been discussed via both spectral and temporal PL spectroscopy studies. The objective
for the use of such metal surfaces was to try to influence the radiative rate of the silicon nano-
particles and consequently reduce the PL lifetime. Influence of these metal films is highly distance
dependent i.e. distance between the metal film and the silicon nano-particles could either enhance
the radiative rate (optimum), enhance the non-radiative rate (at very short distances, luminescence
quenching occurs) or have no effect at all (longer distance). Also if the metal surface is rough or
smooth affects the PL properties of the fluorophore. An ensemble of silicon nano-particles on a
Si/SiO2 substrate has a PL spectrum with its peak around 660 nm, the same is the case for when
they were placed on Ag and a slightly blue shifted peak was observed on Au. PL decay from
large agglomerates (fitted with stretched exponential decay function), revealed that particles on
Si/SiO2, Au and Ag showed PL lifetime value of 122 µs, 117 µs and 114 µs respectively. Only a
slight decrease in the PL lifetime was observed since the metal influence is minimum for a large
agglomerate. PL decay from small agglomerates, PL lifetime of 54 µs (on Si/SiO2), 37 µs (on Au)
and 30 µs (on Ag) were obtained. Here, at least 40 % reduction in the PL lifetime was obtained
from silicon nano-particles deposited on an Ag surface. Although, a significant reduction in the PL
lifetime was observed from Au surface as well, enhancement in the emission rate was not observed
(qualitatively). Therefore interaction of the nanoparticles with an Ag surface is optimal (lowest PL
lifetime of the nanoparticles on Ag) for enhancing the PL of silicon nano-particles, this paves the
way for performing efficient single particle studies.

Single particle spectroscopy studies of silicon nano-particle on Ag surface have been presented
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in chapter 4 as an extension of the work from chapter 3. The Si/SiO2 substrate was coated with
nano-porous Au and subsequently Ag was evaporated on top of it to provide the required rough
Ag surface. A solution of silicon nano-particles was diluted in a mixture of PMMA and CHCl3
and spin coated on Ag substrate, as dilution and spin coat is important to achieve highly dispersed
nanoparticles. Using these elaborately prepared substrates and the diluted NP solution, it was
possible to achieve single particle spectroscopy of SiNPs with fluorinated shell. Single particle
phenomena such as PL intermittency or PL blinking and spectral jittering at room temperature
were observed for single silicon nano-particle. PL intermittency showed longer "off" times and
shorted "on" times. Blinking statistics followed a power law behaviour, indicating multiple trap
sites and therefore multiple auger recombination rates. The larger surface area of the nanoparticles
with more dangling bonds can provide such trap sites. Spectral jittering due to quantum-confined
Stark effect was observed at RT. As an outlook, it is important to have better control of the dis-
tance between the metal surface and silicon nano-particle. Also with the PMMA matrix, it is hard
to achieve homogeneous height across the substrate. To counter these issues, the use of plasma to
oxidize Ag in a controlled manner to provide a defined thickness of the oxide layer would provide
more control over this experiment. Also, the same experiments have to be repeated with lower inte-
gration time and longer time traces to have better statistics for the PL intermittency and the same is
true for spectral jittering studies and to study a possible anti-correlation behaviour between energy
at emission maxima and full width at half maximum. All these results should then be compared
with direct bandgap semiconductors to find the differences.

In part III chapter 5, optical spectroscopy of defect-bound emissions from WS2 monolayers
were studied. WS2 monolayers were grown via a CVD technique in the group of Dr. Mattevi,
UK. WS2 monolayers are three atoms thin layers and have a direct bandgap (1.9 eV to 2.1 eV
depending on the growth) at K point in the momentum space. This makes it very interesting in the
field of optoelectronics. Overall, chapter 5 includes PL spectroscopy results from two batches of
WS2 monolayers grown via the same technique. Defect bound emissions from these batches were
studied individually and compared with each other.

WS2 monolayers from batch 1 exhibit a single asymmetric emission band around 630 nm at
room temperature. Asymmetry is due to a small contribution from trion emission slightly at lower
energy along with neutral exciton emission. Low temperature PL from a pristine WS2 monolayer
shows, besides a blue shifted exciton emission (615 nm), an additional emission band (D0) at 660
nm related to intrinsic defects. Xe30+ ions with different fluences were irradiated (by Dr. Kozubek
in the group of Prof. Schleberger) on the WS2 monolayers to intentionally create and study the
influence of defects on the optical properties. The irradiated flakes show a slightly shifted D0 emis-
sion at 670 nm. The defect-bound emission can be changed by laser exposure with higher powers
up to 1500µW. During this laser processing of the monolayers, a new emission band (LA) appears
in the spectra. We found a correlation between the density of defects (Xe30+ ions fluences) and
the amplitude of LA emission with respect to the D0 emission and quantified the laser processing
effect with the ratio LA/D0 as the quantifiable parameter depending on the defect density.

WS2 monolayers from batch 2 show an emission due to exciton recombination around 630 nm
at room temperature and shifts to higher energy at low temperatures. Low temperature spectra of
pristine flakes show little to none defect-bound emission. Xe30+ ions were irradiated on to the
sample with different fluences. Flakes irradiated with lower fluences (500 µm−2, 1500 µm−2 and
aged unirradiated flakes) show two defect-bound emission bands (D1 and D2), with D2 dominating
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the low temperature spectrum. Flakes irradiated with higher fluences (6000 µm−2 and 4500 µm−2)
show D1 dominating the spectra at low temperature. PL intensity decreases with increasing Xe30+

ion fluences as the defect density increase with it. The WS2 monolayers were also exposed to
higher laser powers at LT and both D1 and D2 were laser processed at low temperatures. During
the laser processing D2 vanishes completely and D1 was laser processed to LA emission. This laser
processing is reversible. Temperature cycle (LT-RT-LT) results in defect-bound emissions recovery
of D1 and D2 with D1 recovering stronger. From these results, along with published reports in the
literature, we conclude that, D1 emission is due to defect complexes with associated adsorbates and
D2 is due to isolated single vacancy defects (which could also be substituted with oxygen) with
adsorbates, where, these isolated single defects might be transformed to defect complexes during
the high power laser exposure.

The differences and similarities in the PL emission behaviour between WS2 monolayer from
batch 1 and batch 2 were discussed. Starting with the similarities, both sets or batches of flakes
were synthesised using the same technique described in section 5.2. Both show a narrow exciton
emission band around 630 nm and do not show any defect-bound emission bands at room tempera-
ture. PL emission maxima shifts to the lower wavelength when the temperature was decreased and
shifts to ≈ 610 nm at 83 K. Pristine flakes from batch 1 showed one defect-bound emission (D0)
at 660 nm, whereas, pristine flakes from batch 2 showed no defect-bound emission peaks albeit,
they were both grown via the same synthetic technique. Upon creation of defects via Xe30+ ion
irradiation at different fluences on flakes from both batch 1 and batch 2, flakes from batch 1 still
had the similar defect-bound emission D0, regardless of the fluence, with increased intensity from
it at 83K. But, flakes from batch 2 showed two defect-bound emissions (D1 and D2) at 650 nm
and 720 nm respectively for lower fluences and predominant D1 at higher fluences. Defect bound
emissions from the flakes from both the batches were able to be laser processed at low temper-
atures. D0 was laser processed to LA from batch 1, D1 to LA from batch 2, but, D0 recovered
when the laser power was lowered again, which is not the case for D1. There was no D2 for flakes
from batch 1, D2 from batch 2 vanished completely after laser processing. From these results, we
were able to identify the origin of D2, but, the suggested origin of D0 and D1 still lacks clear evi-
dence. The main conclusion that we want to emphasis in this section is, even though both batches
of flakes were produced via the same technique, the nature of defects responsible for the defect-
bound emissions is somehow "encoded" during the synthesis. Slight differences that are unable for
us to observe during the synthesis has a profound influence on the kind of defects it will possess.
Therefore, it is necessary still to optimize the synthesis in order to achieve the potential this class
of material promises.

As an outlook, the master student, Mr. Marcel Ney in a further collaboration with Prof. Marika
Schleberger from the same university has already started doing the experiments to understand
the interaction between Xe30+ ions and the monolayer flakes. The set of experiments are the
following: Firstly, characterization of pristine flakes and its defect-bound emissions, followed
by irradiation with Xe30+ ions, again the characterization via temperature and excitation power-
dependent PL measurements, etching of the substrate to obtain a free standing flake (irradiated),
PL measurements and finally looking at the flakes under transmission electron microscope. This
would give us an idea about the interaction of Xe30+ ions with the flakes.

Part IV of this thesis consists of spectroscopic characterization of organic semiconductor rods
in chapter 6 and unexpected emission characteristics in green BODIPY rods in chapter 7.

In chapter 6, micrometer-sized crystalline rods of BODIPY were grown from solution (in col-

82 Aswin Asaithambi



laboration with Prof. Yamamotos Group). Fluorescence microscopy images and photolumines-
cence spectra show different forms of BODIPY, emitting in the green, orange, and red spectral re-
gion. From temperature-dependent photoluminescence, it is concluded that BODIPY crystals can
exhibit different HOMO-LUMO gaps, and optically excited carriers can diffuse from the wide-
gap to the narrow-gap region with a typical hopping barrier of ≈ 18 meV. All these findings were
explained within a proposed model that, BODIPY rods show polymorphism leading to different
optical properties. This model is supported by PL line scans along striped rods and by flash-
photolysis time resolved microwave conductivity (FP-TRMC) measurements. Different growth
rates and solvent annealing suggest that the orange-red-emitting crystal structure is the thermo-
dynamically more stable form of BODIPY. These findings may lead to optically active BODIPY
heterostructures, similar to those used in inorganic semiconductor technology. Chapter 7 is an
extension of chapter 6, where, BODIPY rods emitting in the green spectral range, displayed on
top of the broad luminescence, a set of peaks, where the energetic peak position followed a 1/n2

rule known from hydrogen atom model or Wannier exciton model. These emission peaks corre-
spond to n to be as large as 16 and as low as 3. Applying Wannier exciton model (see equation
7.2), returns a common Eg value of ≈ 2.36eV for all the rods studied, which corresponds to the
bandgap (or HOMO-LUMO gap) of the semiconducting BODIPY rods. E0 or effective Rydberg
energy, however, show a wide range of values starting from 1 eV and rises up to 23 eV, which is
significantly higher than the Rydberg energy of 13.6 eV from a hydrogen atom. Up to now, there
are several questions unanswered, e.g. what is the origin of these peak series. As an outlook, we
think, time resolved PL spectroscopy using a streak camera would provide more information in
understanding the behaviour. It is known from Rydberg like optical behaviour from He clusters
that, these emissions are longer lived.
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Appendix A

Appendix

Figure A.1: (a) An example of how single particle blinking were collected using imagej software.

Multiple frames of images containing the single particle blinking was opened in imagej software.
In the imagej, there is an option of analysing a region of interest (ROI manager). This analysis
by imagej gives out the intensities from that particular region across the frames, like in the Figure
A.1. This data was then analysed further to study the statistics discussed in chapter 4.
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Figure A.2: (a) time trace of photon counts from one SiNP, (b) bin of intensities to identify the
threshold, (c) plot showing binary on-off in the time trace, (e) power law statistics of "on" and
"off" times from a single SiNP and (e) logarithmic plot of (d).
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Figure A.3: (a) time trace of photon counts from one SiNP, (b) bin of intensities to identify the
threshold, (c) plot showing binary on-off in the time trace, (e) power law statistics of "on" and
"off" times from a single SiNP and (e) logarithmic plot of (d).
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Figure A.4: (a) time trace of photon counts from one SiNP, (b) bin of intensities to identify the
threshold, (c) plot showing binary on-off in the time trace, (e) power law statistics of "on" and
"off" times from a single SiNP and (e) logarithmic plot of (d).
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Figure A.5: (a) time trace of photon counts from one SiNP, (b) bin of intensities to identify the
threshold, (c) plot showing binary on-off in the time trace, (e) power law statistics of "on" and
"off" times from a single SiNP and (e) logarithmic plot of (d).
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Figure A.6: PL spectra of WS2 monolayer at 83K at different excitation power for flakes irradiated
with 6000µm−2 fluence of Xe30+ ions.

98 Aswin Asaithambi



Figure A.7: PL spectra of WS2 monolayer at 83K at different excitation power for flakes irradiated
with 4500µm−2 fluence of Xe30+ ions.

Aswin Asaithambi 99



Figure A.8: PL spectra of WS2 monolayer at 83K at different excitation power for flakes irradiated
with 3500µm−2 fluence of Xe30+ ions.
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Figure A.9: PL spectra of WS2 monolayer at 83K at different excitation power for flakes irradiated
with 2500µm−2 fluence of Xe30+ ions.
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Figure A.10: PL spectra of WS2 monolayer at 83K at different excitation power for flakes irradi-
ated with 500µm−2 fluence of Xe30+ ions.
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Figure A.11: Packing diagrams of BODIPY(r) at 298 K (a–c) and 96 K (d–f) viewed along crys-
tallographic a (a, d), b (b, e), and c (c, f) axes. B, F, C, and H are colored in pink, yellow, gray, and
white, respectively.
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Figure A.12: Crystal data and structure refinement for BODIPY(r) at 298 K and 93 K.
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Figure A.13: Powder XRD patterns of red, striped, and green BODIPY crystals (top to bottom).
Note that the orientation of the microcrystals on the sample stage affects the XRD patterns. There-
fore different powder preparations exhibit different peak amplitudes.
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