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Abstract

The primary focus of this thesis is to achieve control over the chemistry by developing new
synthetic methods for the fabrication of tin (11) sulphide (SnS) colloidal quantum dots (CQDs)
with  optimised optoelectronic and physicochemical properties revealing novel
photoluminescent (PL) characteristics and investigate their potential for biological

applications.

The reactivity of different sulfur (S) precursors and their effect on the reaction thermodynamics
and kinetics were examined. The final composition of the QDs was investigated using scanning
transmission electron microscopy (STEM) and energy-dispersive X-ray spectroscopy (EDS).
It was observed that depending on reaction conditions such as reaction temperature, reaction
times and reactivity of precursors resulted in CQDs with tunable sizes and optoelectronic
properties. The faster reacting S precursor resulted in stoichiometrically balanced CQDs (Sn:S
= 1:1) compared to the slower reacting S precursor, which produced CQDs with a range of
aspect ratios with close molar ratios (xSn:1S) giving rise to novel multi-colour PL emission
properties due to quantum confinement. The data obtained from 3D PL, time-resolved pPL
(TRPL), UV-Vis and STEM/EDX analysis revealed that both size- and composition-changes

are in the origin of the excitation-dependent PL emission features of SnS CQDs.

An alternative synthetic procedure for passivating the surface of SnS CQDs was developed
with the aim to study the effect of different surface chemistries on the PL properties of the
QDs. UV-Vis data revealed that the incorporation of organic molecules as surface stabilisers
could induce strong quantum confinement effect evident from the absorption excitonic peak at
~ 440 nm.

SnS CQDs were investigated as a potential material in biofilm and bioimaging applications due

to their multi-colour PL emission properties. The growing curves of P. fluorescence bacterial



strain showed that the initiation of the biofilm formation was not toxicity but rather surface
chemistry phenomenon not affect the reproduction of the bacterial community. The imaging
studies demonstrated the high photostability of SnS CQDs by acquiring bright, high-quality

fluorescence images with no photobleaching features.

The following literature review summarised the key challenges that have been observed in the
field of SnS CQDs such as synthesising high-quality CQDs with optimised physical, chemical
and optoelectronic properties. It covered solution processing techniques including different
surface passivation strategies resulting in QDs with excellent stability and durability for

bioimaging applications as a future low-cost and non-toxic bioimaging gents.
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Chapter 1 Introduction

1.1 Nanocrystals

Semiconductor nanocrystals (NCs) have attracted considerable attention since their first
discovery in the 1980s.(1) They can be thought as small crystalline spheres having dimensions
falling in the nanoscale range of 1-100 nm.(2) The most characteristic properties of
semiconductor materials are attributed to their size-tunable band structures and band-gap

energies (Eq in eV) as illustrated in Figure 1-1 below.

. —
— LUMO

E, E, £,
—— HOMO

(a) Bulk (b) Nanocrystals (c) Molecule

Figure 1- 1. A schematic illustration comparing different band structures and their
corresponding electronic states of (a) bulk inorganic semiconductors, (b) inorganic
semiconductor nanocrystals and (c) molecular semiconductors. (3)

The band-gap energy of a semiconductor is the minimum absorption energy required from the
collector of solar radiation to excite an electron (e) from the ground state known as valence
band (VB) to an excited state in the conduction band (CB). Apart from these properties,
semiconductor nanomaterials are well known for their size-dependent optical and electronic
properties. Tuning the size of the NPs close to the Bohr excitation radius results in a three-
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dimensional quantum confinement effect of electrons and holes due to significant
modifications of their optoelectronic properties.(4) When the size of a semiconductor
nanocrystal is tuned below the size of its corresponding exciton Bohr radius (1-10 nm
according to the material), it enters a quantum regime in which the optical band-gap shifts to
higher energy resulting in an overall modification of the band structure of the semiconductor
material.(5) The exciton Bohr radius could be described as the energy difference between the
electron-hole pairs formed when the light is absorbed by the material. The modified
nanoparticles will change to semiconductor quantum dots (QDs) revealing new optoelectronic
properties unknown to their bulk semiconductor properties.(6)(7) By entering the quantum
confinement regime, the electronic structure of the QDs changes by spatially separating the
edge of the VB and CB to discrete electronic energy levels (quantized levels) where electron-
hole pairs get spatially confined.(8) Tuning the size of the NPs in the nm scale will increase the
spacing of both the band-gap and electronic levels. This phenomenon is due to an increase in
the overall kinetic energy of the system because of stronger Coulombic attractions between the
electron-hole pair attracting the carriers closer and stronger to one another.(9) However, tuning
the size of the QDs below 10 nm will not necessarily result in a quantum confinement effect
since different semiconductor materials have different certain size limits (Bohr exciton
radiuses). The quantum confinement is not only a size-dependent but material dependent effect
as well. For example, lead sulphide (PbS) and cadmium sulphide (CdS) NCs can enter the
quantum regime at sizes smaller than 10 nm (Bohr exciton radius of bulk PbS NCs)(10) and 4
nm (Bohr exciton radius of bulk CdS NCs)(11) compared to tin sulphide (SnS) NC sizes, which
must be below 7 nm.(12) The estimation of the Bohr exciton diameter, a,, of quantum dot

semiconductor nanocrystals can be calculated using the Brus equation, given by,
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where Egap IS the energy band-gap, h is the Plank’s constant, r is the radius of the quantum dot,
me" is the effective mass of the excited electron and my" is the effective mass of the excited
hole. (13)

In addition to the size tuning effect, the physicochemical properties of semiconductor NCs
could be tailored depending on the crystal structures, shapes, surface chemistry (passivation)
and composition (stoichiometry). The possibility of changing the optoelectronic properties of
semiconductor NCs enables their application as photoactive materials in various scientific

fields.(14)

1.2 Aims of the thesis/ new science

Despite the numerous synthetic strategies developed for the fabrication of semiconductor
quantum dots (QDs) with good optoelectronic and physicochemical properties in the last
decades, the best-reported results for the syntheses of monodisperse and highly stable QDs
have been mainly achieved for Cd-based and Pb-based systems.(15)(16) The pursuit of low-
cost, earth-abundant and non-toxic alternatives to those materials has raised the attention of the
scientific community for a search of new candidates. Although, SnS NPs have shown great
potential as a next generation material in the battery(17) and photovoltaic(18) applications due
to their excellent optoelectronic properties as well as a low-cost and non-toxic nature, this

material is still a challenge to many research groups to explore its full potential.

Therefore, the novelty and goal of this thesis are to develop new synthetic strategies for the
fabrication of binary SnS colloidal quantum dots (CQDs) by tuning their optoelectronic

properties via altering the chemistry of the QDs. This thesis introduces the synthesis of highly
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stable photoluminescent SnS CQDs with enhanced optoelectronic properties as excellent multi-
colour fluorescence agents in bioimaging applications. The following studies will be performed

in the thesis:

1) First, to achieve my objective to synthesise high-quality QDs with uniform size, shape, and
asingle crystal structure, 1 will study and improve the synthetic procedure for SnS QDs through
initial attempts using different reaction precursors with the aim to understand the effect of
precursor type on the optoelectronic properties of SnS. A desired range of temperatures will be
used to synthesise SnS CQDs with tunable band-gaps and study the effect of temperature on

SnS absorption and emission properties.

2) When homogeneous inks of QDs with uniform size and a single crystal structure are
achieved, | will evaluate the surface chemistry of the QDs using different types of organic
stabilisers. Ligands play an active role in controlling the growth rate and morphology by
binding to specific crystallographic facets on the surface of the QDs and thereby determining
their growth rate. Manipulating ligand to precursor ratios will potentially lead to the

achievement of enhancing the stability of SnS CQDs in ambient conditions.

3) However, over time exposure to water together with the dynamic binding and unbinding
between the inorganic NC surface and the stabilising ligands can lead to aggregations of the
particles. An attempt to further improve the stability of the QDs, the long-chained capping
ligands can be synthetically replaced with new organic molecules that can provide alternative
properties or functionality to the nanoparticles, resulting in highly stable CQDs with bright

emission features.
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Additionally, the following questions will be addressed and explained in the thesis:

Can the overall QD size be tuned by altering the molar ratio of passivating ligands and

reaction temperature revealing hidden or unknown optoelectronic properties?

Can the QD composition be tuned by varying the precursor molar ratios in the

synthesis?

Can modification to the surface chemistry of the QDs using different stabilising agents

alter their optoelectronic properties and improve their long-lasting stability?

Whether the novel wavelength-dependent PL emission properties of SnS CQDs are

size, composition or surface chemistry dependent?

Whether biofilm formation of SnS CQDs and bacterial cells is initiated by the surface

chemistry of the QDs

Whether optimised SnS CQDs posses toxicity to living organisms such as bacterial cells

and can be applied in bioimaging applications?

1.3 Structure of the thesis

Chapter 2 provides the reader with an introduction about semiconductor nanocrystals and their

related optoelectronic properties. This chapter also covers a literature review on the synthetic

and physicochemical properties of QDs as well as the current advances in the fabrication and

application of SnS CQDs. Chapter 3 details the synthetic procedures of materials,

characterisation and related biological applications. Chapter 4 describes the experimental

results of synthesising and characterising SnS QDs with unique optoelectronic properties. It

focuses on determining the photoluminescence origin in SnS QDs in means of relative size,

surface passivation, and stoichiometry. Chapter 5 explores an alternative surface passivation
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technique for synthesising non-degradable and air-stable SnS CQDs and study the effect of a
new surfactant agent on their absorption and emission properties. Chapter 6 emphasises on the
utilisation of SnS CQDs from chapters 4 and 5 for biological applications. Toxicity, brightness,
and stability of the QDs are all studied as well as their effect of the bacterial cells. Chapter 7
concludes the most significant findings in the thesis and provides with future work suggestions

to be carried out.
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Chapter 2 Literature Review

2.1 Direct band-gap semiconductor materials

The concept of direct band-gap semiconductor materials can be presented and better
understood by a so-called E-K diagram as seen in Figure 2-1. In the E-K diagram, E stands for
electron energy in the y-direction, and K is a wave-vector or propagation constant in the x-
direction and is related to crystal momentum.(19) The energy band-gap (Eg) of a semiconductor
material is represented as the difference between the highest energy level of the valence band
(VB) to the lowest energy level of the conduction band (CB). When a direct band-gap
semiconductor material is excited with energy equal or higher than the energy of its
corresponding band-gap, the absorbed photon energy promotes an electron from the lowest
energy level the electron can occupy in the VB (ground state) to a higher energy level in the
CB (excited state). This process results in the formation of an electron-hole pair (e/h*) called
an exciton.(20) Depending on the number of energy levels an atom can have an electron can
travel and jump between those energy levels (an e~ cannot exist between energy levels) as a
result of the number of photons absorbed by the electron. As the electron gets excited to a
higher energy level, it tends to lose its energy and come down to a lower energy level in the
CB until it reaches the band-edge of the lowest occupied energy level in the CB, which is the
most favourable energy level for the e and h* to recombine. The loss of energy by the electron
when returning to the ground state energy level results in the release or emission of light in the
form of photons. This is one of the most common radiative relaxation processes resulting in
spontaneous luminescence from the QDs in which both the electron energy and momentum are
conserved. If the electron in the ground state gets excited with higher photon energy (above the
energy level of the first excited state), the electron can jump all the way up to a second excited
state, for example, and will fall back down to the ground state. However, in this case, the

electron can have a couple of ways of falling back down. One possibility is that the electron
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can fall all the way down to the ground state emitting the absorbed high energy of photons in
the process. Alternatively, the electron can first fall and relax to the first excited energy level
within the atom emitting some of the photons (in eV) and continue falling to the ground state
emitting the rest of the absorbed photons. Sometimes electrons will drop multiple energy levels
at a time and sometimes they will choose to take individual steps, but the energy of the photons
is always equal to the difference in electron energy levels (E of photon = higher E level — lower

E level).(21)

electrons

Figure 2- 1. E-K diagram of direct band-gap semiconductor materials showing a direct
transition of an electron from the CB to VB. (https://goo.gl/images/wSQhfV)

2.2 Carrier generation and recombination processes

In semiconductor materials, generation and recombination are processes that involve the
formation and elimination of charge carriers (electron-hole pairs). Generation and
recombination of carriers occur when an electron gains enough thermal or optical energy due

to interactions or collisions with phonons (crystal lattice vibrations), photons, other electrons

27


https://goo.gl/images/wSQhfV

or holes.(22) Charge generation is a result of an electron transition from a ground energy level
in VB to an excited energy level in CB of a semiconductor compared to charge recombination,
which involves the reverse process. In semiconductor materials, the rates of carrier generation
and recombination are well-balanced at thermal equilibrium, in which there is no net flow of
matter or energy within the system. This means that the product of charge carrier densities
(electron and hole densities) is a constant, maintained by the equal generation-recombination
rates. When the rates of carrier generation and recombination are imbalanced disturbing the
overall equilibrium of the system, then one of the processes prevails over the other to maintain
equal carrier rates.(23) In the case of excess carrier generation, the rate of charge recombination
becomes higher than the rate of generation driving the system towards equilibrium. Similarly,
when the carriers are less in the system, then the generation rate dominates over the
recombination rate resulting in an overall equilibrium of the system. The different mechanisms

behind the electron transition in direct band-gap semiconductor materials are illustrated in

Figure 2-2.
Recombination processes
U, (x)
RADIATIVE SHOCKLEY-REED- AUGER
(BAND-TO-BAND) HALL

Figure 2- 2. Charge carrier recombination mechanisms in direct band-gap semiconductor
materials. (The Quartz Corporation 2016).
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2.2.1 Radiative recombination

Radiative charge recombination, also called band-to-band recombination, dominates in direct
band-gap semiconductors and occurs when an electron gets excited to an empty state in the CB
with energy equal or higher than the energy of the band-gap generating an exciton. Once the
electron loses some of the absorbed energy, it will fall down recombining with the hole in the
VB releasing energy in the form of photons or light. In radiative recombination, the emission
of light is a spontaneous process, in which most of the absorbed light is emitted as photons
with a small percentage being lost in the form of heat or vibrations with lattice atoms.(24) In
band-to-band recombination, both electrons and holes are required to be available determining
the rate of the charge recombination process, which is expected to be equal (proportional) to
the product of electron (n) and hole (p) densities. However, the recombination process changes
when the system is in thermal equilibrium requiring the rate of carrier recombination to be
equal to the rate of carrier generation due to the lack of net recombination and generation. The
process of the net recombination in thermal equilibrium conditions (no po=ni?) can be expressed

with the following formula,

Up_p =b(np—n?) @

where b is the biomolecular constant, n is the electron density, p is the of hole density, and n;?

is the product of electron and hole densities at equilibrium.

2.2.2 Shockley-Reed-Hall (SRH) recombination

Shockley-Reed-Hall (SRH) or trap-assisted recombination is a two-step recombination process

(from CB to VB) involving the formation of a new localised energy state (forbidden region)
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created within the middle of the band-gap of the semiconductor material caused by the presence
of crystalline defects or lattice impurities (deep charge trap states, Et).(25)(26) The rate of net

recombination for trap-assisted recombination is given by:

pn—nfz

Ushr = Niyvgpo

pt+u+ 2 Cosh(u)

where Etis an intermediate trap energy level, Nt is the density of trap states and Ei; is the product

of trap level densities.

The defects in the crystal lattice of the material can be either intentionally added by doping or
introduced to the system during synthesis.(27) In the first step of the trap-assisted
recombination, the transition electron falls into the ‘trap’ energy state releasing some of its
energy as a photon. In the second step of the charge recombination process, the electron
occupying the deep, intermediate band-gap level can further fall all the way down recombining
with the empty hole in the VB releasing an extra photon with a blue-shifted emission
wavelength compared to the emission wavelength of the photon released in the first
recombination step. Alternatively, SRH charge recombination can occur directly in the
forbidden gap if the hole in the VB moves up to the same trap energy state occupied by the
electron before it gets thermally re-emitted. The rate of recombination of charge carriers in the
energy level near the mid-gap is highly dependent on the position and distance of the trap
energy level relative to VB and CB band edges. If the defect level is introduced close to either
of the band edges, then the excited electron is more likely to be re-emitted close to the band
edge of the CB rather than recombining with the hole in the VB. For this reason, it is of a great
importance to decide on the most suitable reaction conditions or doping elements for

synthesising a material with good optoelectronic properties for effective charge recombination.
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2.2.3 Auger recombination

Auger recombination involves three charge carriers compared to the other carrier
recombination processes discussed above. The charge recombination mechanism is
characterised by an energy transfer from an exciton to a third charge carrier (either an electron
or hole) in the CB rather than emission of energy as a photon or heat release. By absorbing the
energy given by the exciton, the third charge carrier gets excited to a higher energy level within
the CB but does not move to another energy band (band level). After the interaction, the third
carrier falls to the edge of the CB releasing its excess energy as heat due to lattice vibrations
(thermal vibrations).(28)(29)(30) The rate of net recombination in Auger recombination is
similar to the band-to-band recombination since the process involves a charge recombination
of excitons in a band-to-band transition giving off the resulting energy to a third carrier but
including the density of electrons (holes) from the third carrier as a result of the electron-hole

annihilation given by the formula:

UAuger =y ninp - ”52)‘*' rp plnp — ”1'2) (4).
However, Auger recombination is highly uncommon charge recombination process found in
direct band-gap semiconductors because the third charge carrier is required to start

recombination in a highly unstable high energy state.

2.2.4 Surface recombination

Surface recombination is one of the most common charge carrier recombination processes
observed in semiconductor materials. It is highly favourable due to the large surface-to-volume

ratio of nanomaterials (i.e., quantum dots). A large number of surface and interface trap states
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in semiconductors act as charge recombination centres due to poor crystal passivation of
electrically active dangling bonds and surface atoms.(31)(32) Also, the partial surface
termination of the semiconductor crystal can be easily oxidised and degraded when exposed to
air. Surface recombination is a trap-assisted process almost identical to SRH recombination.
The only difference between the two mechanisms is that in the surface recombination the
charge carriers recombine two-dimensionally (Nst) at the surface and interfaces of the crystal
compared to the SRH recombination, in which the recombination is a trap-assisted three-
dimensional mechanism within the band-gap of the material. The rate of surface net

recombination is given by:

pn—nf
UJ,SHR = E _E Ngvpo
p+n+2n; cosh(’k—T“)

(5).

2.3 Photoluminescence

Photoluminescence (PL) is a luminescence process characteristic for semiconductor materials,
which involves absorption of energy in the form of photons (coming from light or other
electromagnetic radiation) and excitation of electrons to a higher energy level in an atom,
storage of absorbed energy (decay time of absorbed photons) and final emission of photons.(33)
Depending on the decay time between the absorption and emission of photons, the PL lifetime
of a system may vary from picoseconds (ps) in organic materials, nanoseconds (ns) in inorganic
semiconductors and milliseconds (ls), seconds (S) or even minutes (min) and hours (hrs) in
molecular systems.(34) Photoluminescence is an essential process for determining the quality
of semiconductor materials such as their good crystallinity, high purity, and a number of defect

states present in the crystal structure (crystal distortions).
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2.3.1 Factors affecting photoluminescence (PL) in direct band-gap
semiconductor materials

2.3.1.1 Relative size/ size tuning

Semiconductor nanocrystals are small crystalline particles in the range of 10-100 nm that
exhibit size-dependent optical and emission properties.(35)(36) However, when the size of
semiconductors falls below the Bohr exciton radius of the bulk material as mentioned before,
then semiconductors transform to quantum dots with sizes between 1-10 nm. When entering
the quantum confinement regime, the size, energy levels and emission colours of quantum dots

could be precisely tuned depending on the desired application.

A unique property of quantum dots is their size-dependent band-gaps and emission colours,
which are material dependent. There are several known ways of tuning the sizes of QDs such
as reaction temperature, reaction time and amount of surface passivation groups (e.g., organic
ligands).(37)(38) A simple schematic illustration of QD size-tuning as a temperature-dependent
phenomenon is depicted in Figure 2-3. By a modification of the reaction temperature
conditions, the size of the QDs will increase at higher temperatures red-shifting the absorption
and emission properties of the material to longer wavelengths. This suggests that bigger QDs
will emit in red colours and small ones will emit in blue colours with all other QD sizes emitting

in intermediate colours covering the entire wavelength region of the electromagnetic spectrum.
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Figure 2- 3. A schematic illustration of size-dependent photoluminescence (PL) emission of
spherical nanoparticles (NPs).

The size-dependent emission phenomenon is related to a difference in the energy band-gaps of
the QDs due to size differences. Small QDs have large band-gaps requiring high energy of
excitation to promote an electron from the ground energy level (VB) to an excited energy level
(CB) resulting in the emission of higher energy at shorter wavelengths. Small QDs emit light
in the blue region of the electromagnetic spectrum. Bigger size QDs require lower excitation
energy to promote an exciton (e-/h+ pair) due to their narrower band-gaps compared to smaller

QDs.

Figure 2-4 shows the effect of size-tuning on PL emission properties of CdSe QDs. As the size
of CdSe QDs increases the emission is red-shifted to longer wavelengths changing the emission
colour from blue to red. The observed tuning of the emission colour is due to changes in the

surface-to-volume ratio with size and quantum confinement effect.(39)
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Figure 2- 4. Tuning (a) the optical absorption of CdSe QDs covering the whole visible
spectrum by synthetically changing the size of the CdSe QDs from small (blue) to large (red).
(mage reprinted from Reference 35).

2.3.1.2 Surface Passivation/ surface tuning

Surface passivation or surface tuning is another powerful strategy for protection and surface
optimisation of organically-capped QDs against degradation from oxidation and photo-
oxidation processes.(40) Dangling bonds or stoichiometry changes in the crystal structure of
the material due to atomic differences can create new surface energy states known as surface
defects increasing the number of non-radiative charge recombination pathways in the QDs and
quenching their emission features. The use of a coating shell could result in the successful
elimination of charge recombination centres by passivating surface trap states with shell atoms
and improving the overall stability, optical and emission properties of the initially synthesised

core material.
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Figure 2- 5. Schematic illustration of organically capped (Left) core and (Right) type I
core/shell QDs with their corresponding energy band diagrams showing the band-gap
difference between the two types of structures.

Figure 2-6 presents two of the main core/shell methods used for quantum dots surface
passivation. In type | core/shell (refer to Figure 2-6 (b)), the shell material is a semiconductor
in nature having a wider band-gap than the core material. This type of core/shell heterostructure
confines the charges (both electrons and holes) within the core material because both VB and
CB of the core lie within the energy band-gap of the shell material. As a result, the overall PL
emission is quantised within the core obtaining a high quality photoluminescent composite
material. The most common way of synthesising a highly protective and crystalline shell
coating is through epitaxial shell growth. The semiconductor shell material is chosen such that
it crystalizes in the same crystal structure as the naked core material resulting in negligible
lattice mismatch and consequently low distortion or strain-related defects between the two
semiconductors.(41) This will lower the possibility of forming non-radiative charge
recombination sites. Furthermore, the process of shell growing involves the slow addition of
the shell precursors to the core solution to prevent secondary nucleation events or the formation

of separate nanoparticles from the precursor's ions. Also, the required core/shell reaction
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temperature should usually be lower than the original temperature used for the core synthesis
avoiding homogeneous side-nucleation.(42)(43) Dabbousi et al. demonstrated in their work a
successful passivation procedure for the synthesis of CdSe/ZnS core/shell quantum dots with
improved optical and emission properties by ZnS epitaxial shell growth.(44) The authors
observed that the addition of only ~1.3 monolayers of a ZnS shell was enough for improving
the PL quantum yields of the composite material reaching a maximum value due to optimum

surface functionalization.

In type Il core/shell as seen in Figure 2-6 (c), the band alignment of the semiconductor shell
material to the core material results in the formation of a new smaller energy band-gap
compared to the band-gaps of the individual core and shell materials. This phenomenon occurs
when the band edges of the VB and CB of the core material are either lower or higher than the
band edges of the shell material. In the type Il case, the charge separation of the electron and
hole is confined in the energy levels of both the core and shell semiconductors as the hole being
confined in the VB of the shell and the electron in the CB of the core. In this case, the emission
of the exciton is determined by the energy difference between the two occupied energy levels.
The type 11 core/shell method is of great interest in materials, which emission properties do not
cover certain regions of the electromagnetic spectrum regardless of size-tuning.(45) For
example, the emission wavelength of CdTe or CdSe core materials could be tuned in the NIR
region if only coated with shell materials forming type 11 core/shell heterostructures. However,
type 11 core/shell QDs suffer from low photostability and low PLQY due to localised charges
in the shell material (either electron or hole). These charge separation events in type Il
core/shell heterostructures reveal the shell charge to the surrounding environment of the
material increasing the chances of surface charge recombination events observed in non-

passivated core materials.(46) Reiss et al. demonstrated in their work that the addition of a
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secondary shell coating improved the PLQY and photochemical stability in type Il core/shell

semiconductors forming a core/shell/shell heterostructure.(47)

Cationic exchange reactions are well-known as an alternative to epitaxial growth in the
core/shell synthesis. In a typical cationic exchange reaction, the cation ions in the shell
precursor solution are introduced to the crude core solution by replacing the cation ions near
the surface of the core material. As a result, the originally synthesised core QDs transform to
core/shell QDs, which have a smaller-sized core (consequently wider band-gap energy) and
show blue-shifted absorption and emission properties due to surface modification.(48) Kim et
al. reported the synthesis of highly luminescent CulnS,/ZnS (CIS/ZnS) core/shell quantum dots
with quantum yields as high as 65% by a simple cationic exchange reaction. In comparison to
cation exchange reactions, the implementation of anion exchange alternatives has also been
applied with the aim of improving the chemical stability of the materials.(49) However, the
large size of the anion species and their lower diffusion into the crystal lattice can deteriorate
the reaction Kinetics altering the morphology of the quantum dots. (50)(51)(52)(53) Additionally,
both cationic exchange and epitaxial growth core/shell are promising passivation strategies in

eliminating surface defect states in the quantum dots.
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Figure 2- 6. (a) Core, (b) type I core/shell, and (c) type Il core/shell structures of
semiconductor materials illustrating the band edge alignment and the exciton localisation
at the surface and the heterointerface.(54)

2.3.1.3 Stoichiometry changes/ composition tuning

Improvements of the photoluminescence properties of direct band-gap semiconductors can also
be achieved by tuning the composition of the materials. Changes in the composition of the QDs
could affect their optoelectronic and emission properties.(55) For example, small changes to
the regular crystal structure of the QDs could be achieved by the addition of impurity atoms
known as doping. Doping of intrinsic semiconductors is used either to increase the electron or
hole concentration resulting in the creation of new energy levels within the band structure of
the materials. According to the Octet rule, atoms achieve the highest stability when they are
surrounded by eight valence electrons (valence shell) in a covalent bond. Any changes to this
rule will result in electron rearrangements between atoms either sharing or donating electrons

to meet the required number of electrons in their outer valence shells.
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Figure 2- 7. Change of the composition of QDs by doping creating donor-acceptor pairs
(DAP) resulting in PL emission and PL quantum yield (PLQY) tuning.

Depending on the choice of dopants and their corresponding valence electrons the conductivity
properties of the materials could be tuned producing either n-type or p-type semiconductors

(56) as illustrated in Figure 2-8.
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Figure 2- 8. Schematic diagrams of (a) N-type and (b) P-type doping of Silicon (Si) using
donor impurity Antimony (Sb) and acceptor impurity Boron (B) atoms, respectively.
(AspenCore 2018).

In n-type semiconductors, the dopant atoms known as donor impurities have a higher number
of valence electrons contributing free electrons. Some of the most popular examples of
pentavalent impurity donors (having five valence electrons) include arsenic (As), antimony
(Sb) and phosphorous (P).(57) As an example, doping of Silicon with pentavalent elements,
such as Sb results in extra free electrons, which are weakly bonded to the impurity atom and
thus making them highly mobile when gaining enough thermal energy. In donor doping, the

concentration of electrons is significantly increased which represents the majority of charge
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carriers. Figure 2-7 (a) shows that in n-type semiconductors the donor energy levels lie close
to the top of the band-gap, which allows for easy excitation of electrons into the CB.
Furthermore, in p-type semiconductors, trivalent atoms (having three atoms) are used as dopant
materials such as boron (B), aluminum (Al), gallium (Ga) and indium (In) known as electron
acceptors.(57) The addition of electron deficient impurities within the crystal lattice creates
voids (missing covalent bonds) or valence holes in the crystal resulting in the formation of
acceptor energy levels near the VB. The nearby electrons can be attracted to the missing bond
(hole) creating another empty hole moving freely in the crystal lattice. In the acceptor doping
process, the concentration of holes is increased without affecting the concentration of electrons
within the materials.

Generally, surface trap states are related to un-passivated atoms or dangling bonds forming
mid-band-gap energy levels in the electronic structure of the material increasing the probability
of non-radiative charge recombination events. The trap sites could substantially alter the
emission properties of the material. However, in order to assist and improve the charge
recombination in direct band-gap semiconductors, the introduction of intermediate energy
states within the band-gap by doping could be considered. It is common for semiconductors to
be doped either by donor (e” donating) or acceptor (e accepting) impurities that lie close to CB
and VB edges, respectively as seen in Figure 2.7. This allows for easy excitation of the charge
carriers to the new energy levels and therefore resulting in a radiative charge recombination
within the core material rather than dissociating the exciton to surface defects. This approach
could significantly improve the overall PL emission properties of the material.

Therefore, doping of intrinsic semiconductors could not only be used as a promising method
of changing the conductivity properties of the materials but could also be adopted for
improving their emission properties.(58) In the case of CuS NCs, it has been found that

increasing the concentration of In dopant atoms within the crystal lattice resulted in a prominent
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increase of the PL emission intensity and PLQY's of the resulting CulnS2 (CIS) NPs.(59) The
authors suggested that the observed improvement of the emission properties was due to an
increase of the donor-acceptor pair (DAP) recombination as an impurity concentration effect.
However, a precise dopant concentration must be considered in an attempt of improving the
absorption and emission properties of semiconductors preserving the overall stability of the

materials.

2.4 Nanocrystal synthesis

2.4.1 Introduction

Nanocrystals use colloidal chemistry to make inks with a variety of optoelectronic properties
which can be used in photovoltaic (PV), optoelectronic (OLED) and biological devices.(60)(61)
NCs have been demonstrated to work with reasonable efficiencies using a range of low-cost
processing methods such as colloidal,(62)(63) sol-gel,(64) water-oil microemulsion,(61)
hydrothermal and polyol (65)(66) synthesis at low temperatures. This project aims to develop
colloids with the appropriate physicochemical properties. The challenge is to synthesise non-

toxic, cost-effective materials with good photoluminescent properties.

2.4.2 Colloidal synthesis

2.4.2.1 Nucleation and growth kinetics

Monodisperse CQDs can be formed by precise manipulation of reaction conditions and by
balancing nucleation and growth kinetics. In the monodisperse colloidal growth of QDs, the
nucleation event must happen for a short reaction time followed by a slow-growing phase. To
achieve equilibrium in nucleation and growth kinetics, optimising reaction conditions such as
reaction temperature and time should be maintained.(67) An alternative method for the

synthesis of monodisperse QDs first described by La Mer et al. involves the rapid addition of
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all reaction reagents to the reaction system, which will increase the precursor concentration
above the nucleation threshold increasing the reaction rate.(68) Figure 2-9 (b) shows a
schematic depicting the stages of nucleation and growth of monodispersed NPs. A short
nucleation phase will relieve the supersaturation followed by a temperature drop allowing the
growth of the NPs. This synthetic route is favourable for obtaining colloidal NPs with uniform
size-distribution since it involves a single nucleation event in which all NPs will continue to
grow together until the monomer concentration drops down to below a critical level.

Furthermore, if the growth of the NCs continues, then Ostwald ripening may occur. During this
second growth event, smaller particles with larger surface-to-volume ratios decompose and
incorporate to bigger particles with smaller surface-to-volume ratios. This is a result of the
higher number of un-passivated surface atoms in the smaller QDs having a lower coordination
number leading to the formation of unsaturated dangling bonds, which result in substantial
reconstructions of atomic positions.(69) The average size and size-distribution of the resulting
NCs is highly dependent on reaction parameters such as reaction temperature and precursors
concentration since they can directly influence nucleation kinetics and lead to Oswald

ripening.(70)
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Figure 2- 9. (a) Schematic illustration detailing the hot-injection CQD synthesis, in which a
room-temperature precursor is injected into a high-temperature surfactant, followed by a

temperature drop allowing the growth of the NCs and b) Plot showing the stages of
nucleation and growth for the preparation of monodisperse NCs using La Mer model.(71)

2.4.3 Control of colloidal NC physical properties

2.4.3.1 Crystal structure, size, shape, and distribution

In the hot injection synthesis, there are several parameters to be controlled and employed to
optimise reaction thermodynamics and Kinetics. Precursors play an essential role in
determining the nucleation and growth rate, which is directly related to the number of monomer
species. The concentration of the formed monomers depends on the reactivity of the precursors
and can be tailored by their correct choice. The higher the reactivity of precursors, the higher
the monomer concentration leading to faster nucleation rate resulting in the formation of a
larger concentration of small nuclei. Kergommeaux et al. demonstrated the use of various tin
precursors with different reactivities resulting in the formation of NCs with different sizes and
shapes based on the monomer concentration during nucleation.(72) Figure 2-10 summarises a
growth mechanism of SnS NCs showing the different reaction stages depending on precursor
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concentrations and reaction times. It is evident that the monomer concentration may also
influence the growth kinetics during synthesis. A high monomer concentration could accelerate
the growth rate forming NCs with bigger sizes compared to a low monomer concentration,

which was observed to result in small NCs.(73)

Sn complexes SnS NCs SnS NPLs

[Sn]>0.01M

C

d larger sns NCs

Figure 2- 10. Illustration of the growth mechanism of SnS nanoplatelets (NPLs) using the
hot-injection synthesis. (Adapted from reference 66).

The second important parameter in the colloidal synthesis of semiconductor NCs is the choice
of organic ligands that interact and adhere to the NC surface. Like precursors, ligands directly
affect both the reaction thermodynamics and kinetics. Due to their interactions with precursors,
ligands can influence or even reduce the overall nuclei concentration when present in higher
molar ratios. Hickey and co-workers reported the synthesis of monodisperse SnS NCs
demonstrating control over sizes by tuning the ratio of ligands in the reaction synthesis.(74)
They found that when the OA/OLA ligand ratio was 1:2 the shape of the NPs was more
spherical-like. Non-spherical NC geometries with triangular shapes, distinct facet terminations

and bigger sizes were achieved by increasing the concentration of the carboxylic acid in the
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synthesis (OA/OLA= 1:1). The change of the NC sizes and shapes could be attributed to a
substantial alteration of precursor’s reactivities in the means of organic surfactants. On the one
hand, increasing the concentration of OA (a strongly binding ligand) with respect to the
concentration of OLA in the reaction would decrease the reactivity of the metal precursor. This
will result in monomer species with insufficient energies to reach the supersaturation level
resulting in a low nuclei concentration but a high monomer concentration accelerating the
growth rate forming larger NCs. On the other hand, when the concentration of OLA is
decreased by two times (OA/OLA= 1:1), this would result in partial surface passivation of the
NCs. The un-passivated crystallographic facets will continue to grow until the monomer
concentration drops down to below a critical level. This will alter the final shape of the NCs.(75)
The authors concluded that not only a high monomer concentration would alter the relative
growth rate of the facets, but the precise manipulation of the molar ratios of the stabilising

surfactants leading to anisotropic shapes.

Figure 2- 11. Low and high-resolution TEM micrographs of SnS NCs with spherical and
triangular shapes achieved by varying the concentration of capping ligands. (Reprinted
from reference 68)

The third important factor in the hot injection method is the reaction temperature, which has a

direct effect on reaction Kinetics, morphology and size-distribution. The temperature
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controlling nucleation Kinetics is usually higher than the growth temperature resulting in fast
precursor decomposition and generation of monomers from the chemical reaction between
precursors. The high concentration of monomer species with energy greater than the activation
energy of the reaction will quickly reach the supersaturation level. This will result in fast or
discrete nucleation events forming a large concentration of small critical nuclei that will all
hypothetically grow with the same rate and thus narrowing the final size-distribution of the
NCs. Also, the NP size-distribution and morphology may also be affected by the growth
temperature. The growth temperature is usually lower than the nucleation temperature to
prevent secondary or continuous nucleation events by decreasing the thermal energy of the
reactant species below the transition state threshold of the reaction. This will result in the
continuous aggregation of monomers on the pre-existing small nuclei growing the final NCs
rather than being involved in the formation of new supersaturated monomers.(76) The ability
to optimise the chemistry behind the synthesis resulting in monodisperse NCs with tunable
sizes and band gaps could be a promising approach for the successful fabrication of various

devices.

2.4.4 Control of colloidal NC chemical properties

2.4.4.1 Ligand exchange reaction

Ligands not only interact with the NC surface resulting in monodispersed NCs with narrow
size distribution, but they also prevent from the aggregation of the NPs. Although, their
stabilizing potential, organic surfactants may lose their strong binding ability to the inorganic
NC surface over time exposure to air and moisture. For example, long-chained carbon
surfactants like oleylamine (OLA) and oleic acid (OA) play the role of “insulators” of the
charge transport creating longer inter-particle distances by influencing reaction kinetics. The

exchange of the long-chained capping ligands with alternative short chain capping agents can
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reduce the inter-particle distances and improve charge transport in the NCs. A suitable ligand
choice will be the one that binds stronger to the NC surface acting as a better protector from

environmental conditions.(77)
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Figure 2- 12. Schematic illustration of a ligand exchange reaction, in which the long-chained
OLA ligand is replaced with a smaller pyridine ligand molecule resulting in the formation of
monodispersed NCs forming a NC ink.

2.4.5 Core/shell synthesis

Poor ligand passivation of the NC surface may lead to trapping states or defects acting as non-
radiative charge recombination centres in the band gap (somewhere between the valence and
conduction bands) of the semiconductor material.(78) The insulating inorganic shell can
potentially stabilise and maximise fluorescence. The process of coating an organic NCs (core)
with inorganic material (shell) results in better surface passivation and improved optoelectronic
properties of NPs. The shell layer will concentrate the charge carriers in the NC core rather
than been lost at the surface. It has been shown that core/shell structures exhibit good stability
and fewer photodegradation.(47) Moreover when the core is coated by a shell, the number of
dangling bonds at the surface is reduced. Prastani et al. demonstrated in their work the synthesis
of SnS NCs capped with an In,Sz shell using a CVD method resulting in better passivation of
the SnS surface as evident from the HRTEM results in Figure 2-13 (a). Surface passivation of

the core SnS NPs could be clearly distinguished forming an amorphous outer shell from the

49



HRTEM images below. The core SnS material appears darker in colour with well-defined
characteristic fringes compared to the amorphous In,Sz shell material. In addition to the TEM
results, the blue-shifted absorption spectra (Figure 2-13 (b)) of the SnS/In,Ss core/shell NPs
compared to bare SnS core NPs could suggest of a significant surface modification of the core
NPs due to shell growing by narrowing the overall size of the originally synthesised core SnS
NPs by ripening off surface atoms during shell growth. The authors proposed that the SnS/In,S3
core/shell material results in an overall improvement of the electrical properties by tuning the

surface of the NPs.(79)
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Figure 2- 13. (a) TEM image of SnS/In;S3 core-shell NPs and HRTEM image of SnS/InzS3
core-shell nanoparticles and b) absorption spectra of SnS/InzS3 core-shell NPs with a range
of deposition times (reference red spectrum corresponds to the absorption of ethanol used
as a dispersant solvent for the core and core/shell NPs). (Reprinted from reference 71).
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2.5 Materials selection

2.5.1 Background
2.5.1.1 Structure of SnS

Tin sulphide (SnS) is one of the four semiconductors which form the 1V-VI materials (SnSe,
GeS, and GeSe).(80)(81)(82)(83) SnS possess an orthorhombic crystal structure (84) in which
every Sn atom is bonded to three S atoms. The SnS crystal structure can be best described as a
distorted rock salt (NaCl) structure with lattice parameters of a = 4.334 A, b = 11.200 A, ¢ =
3.987 Alillustrated in Figure 2-16 (c). Each double zig-zag layer of atoms (Sn and S) in 0-SnS
is separated only by van der Waals forces (ca. 1A). The arrangements of the cations and anions
within the crystal lattice are highly ordered resulting in a symmetric crystal structure.(85) The
strong anisotropic properties of this material are directly related to this double layered crystal
structure resulting in high electrical conductivity and hall mobility when measured along the
layers.(86) Depending on the crystal structure, different SnS materials give different band-gaps
(Eg), as shown in Table 2-1.

The properties of SnS depend on the different crystal structures and geometries of these
materials illustrated in Figure 2-14. The crystal structure is an essential factor that influences
the electronic properties of SnS materials depending on the different bonding arrangements
between the component elements of the material. The two most common allotropes of SnS are
a-SnS (orthorhombic) and B-SnS (orthorhombic).(87)(88) The most common phase at room
temperature is that of the orthorhombic Pbnm a-SnS structure (a=11.14 A, b =397 A c =
4.34 A) because it is thermodynamically more stable than the metastable cubic F-43m SnS
structure (a= 6.00 A).(89) Upon heating at temperatures above 600 °C, the Pbnm structure of
a-SnS undergoes a phase transition to the orthorhombic Cmem B-SnS structure.(90) Greyson
et al. studied the thermal stability of as-synthesised SnS by heating the NCs under an inert

atmosphere at 300 °C for 3h resulting in no change in the SnS crystal structure and morphology
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which is by the theoretical predictions. This fact leads to the conclusion that these materials

could possess high chemical and environmental stability.
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Figure 2- 14. Illustrations of the different SnSx structures and geometries. (Gray colour
corresponds to Sn atoms and yellow colour—to S atoms).
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Table 2- 1. Summary of phases, crystal structures, space groups and band-gaps (Eg) for SnSx
compounds.

Experimental Parameters

Phase Crystal Structure Space Eq (eV)
group

SnS Cubic F-43m 1.1-1.8

sSns Cubic Fm-3m -
a-SnS Orthorhombic Pbnm 1.0-1.4
B_Sns Orthorhomblc Cmecm -
snS, Hexagonal P63/mmc 1.6-2.9
SnS; Trigonal P-3m1 -
SnySs Orthorhombic Pnma 0.85-1.16

Liu et al. have reported the synthesis of SnS NCs with tunable sizes. In this work, they state
that both the change in SnS size and crystal structure are due to increases in temperature from
150 °C to 280 °C resulting in the transformation from cubic (d ~ 8 nm) to truncated polyhedral
crystal structure with sixteen-facet SnS polyhedral crystals (d ~ 100 nm).(91) This fact leads to
the conclusion that the size and crystal structure of these materials can be easily manipulated

depending on the careful choice of chemical precursors and reaction conditions.

2.5.1.2 Properties of SnS

SnS is of a great interest to many research groups because this material has both direct (1.3 eV)
and indirect (1.1 eV) band-gap values(92) with a direct band-gap close to the optimum value
(1.5 eV) (93) required for the ideal collector of solar radiation forming more than one electron-
hole pairs when absorbing energy. The high absorption coefficient of SnS (o> 10* cm™) in the

solar spectrum allows the absorption of light at narrow thicknesses.(94) SnS constituent
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elements Sn and S are abundant, non-toxic and relatively cheap, thus making SnS a promising
alternative in thin-film device fabrication.

The unique optoelectronic properties of SnS make it a suitable p-type semiconductor material
(95) in a thin-film form with an electrical resistively of 32.9 Q.cm, carrier density of 2 x 10%°
cm3 (96)(97) and hall mobility of 90 cm? V! s7.(86) SnS may also be applied as an n-type
material in PV applications or change its conductivity properties upon various heat treatments.
Ristov et al. described the preparation of p-type SnS thin films using a simple chemical bath
deposition (CBD) technique at room temperature (SnCl, and NaxS precursors). In this
experiment, they observed a change in the conductivity of the SnS absorber layer conductivity
from p- to n-type upon annealing the thin-film at T > 280 °C for a short period of time with no
noticeable change in composition.(98)

The electrical properties of SnS absorber layers can be modified by doping using elements like
Sh, Se, Te, In, Al, N, etc. Guo et al. studied the effect of various dopants on the electrical
properties of SnS thin-films by vacuum evaporation. The best dopant source was found to be
Sb resulting in doubled photosensitivity and reduced resistivity (from 99 Q.cm to 24 Q.cm) by
annealing the SnS thin-film in a hydrogen atmosphere at 400 °C for 3h.(99) All these
characteristics make SnS a suitable semiconductor material for incorporation into various

applications.

2.6 Applications

Colloidal quantum dots (CQDs) have been extensively studied and applied in a wide range of
solution-processed devices including photovoltaic (PV) cells,(100) photodetectors,
(101)(102)(103) light-emission devices (LEDSs), (104)(105)(106) and medical devices.(107)
Recent improvements in QDs research have led to significant progress in achieving control

over the chemistry by mastering the synthetic methods, optimising materials system and
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optoelectronic properties, and in processing techniques and characterisation. Current
applications of SnS QDs include their incorporation into batteries (108)(109) and photovoltaics

(110) due to a limited application due to synthetic difficulties.

2.6.1 SnS-based batteries

SnS QDs are a promising candidate for applications in both lithium- (LIBs) (111) and sodium-
ion batteries (SIBs). (112)(113) However, batteries based on sodium-ion chemistry are gaining
significant research interest due to the abundant sodium nature as alternatives to the established
lithium-ion ones. SnS-based SIBs can offer low-cost and large-scale battery energy storage and
conversion due to their size-dependent optoelectronic properties and high abundance.
However, SnS-based batteries have so far resulted in low conductivity and phase aggregations
preventing their practical applications in batteries. To address these issues and mitigate the
aggregations of active materials, embedding SnS QDs in a conductive matrix has been mainly
researched.(114) Ying et al. demonstrated in their work a promising encapsulation method, in
which they embedded ultra-small SnS QDs in sulphur and nitrogen co-doped porous carbon
fibres (SNS@SNCF-55) synthesised by a facile electrospinning process for sodium-ion
batteries (NIBs).(112) The results of the electrochemical performance of the hybrid SnS
composite material are compared to previously reported SnS systems and summarised in Table
2-2. The authors explained the superior properties of SNS@SNCF-55 composite material as a
result of optimised structural stability upon cycling due to the carbon-like matrix, fast
capacitive sodium storage induced by doping (creating active sites) and enhanced conductivity
of carbon fibres, factors that all demonstrate the promising potential of SnS QDs as a future

anode material for sodium-ion batteries.(115)
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Table 2- 2. Achievements in SnS-based sodium ion battery research. (Table reprinted from
reference 107).

Current Capacity
Author density retention Sample electrode
(mAg) (mAhg)
: Ultra-small SnS NPs embedded
Ying et al. AL S 493/ 447 in carbon sphere
Wu et al 100/ 800 485/ 348 Sn-SnS-C
Wu et al. 100/ 400 405/ 351 SnS@rGO
Choi et al. 100 540 SnS-C microspheres
Cho et al. 30/ 200 450/ 400 SnS 3D flowers
Dutta et al. 100/ 500 550/390 SnS nanorods
Zhou et al. 810 492 SnS@Graphene
Wu et al 100/ 400 544/ 493 SnS-C
Luetal 50/ 500 590/ 458 SnS/GO+C
Wang et al. 50/ 100/ 800 796/ 630/ 400 SnS@SNCF

2.6.2 Thin film photovoltaics (PV)

Interest in tin sulphide (SnS) as an alternative PV material has increased significantly. The
component elements of SnS—tin, and sulphur are abundant, environmentally benign and
inexpensive, making it an alternative candidate for various applications such as incorporation
into thin film solar cells and optoelectronic devices,(116)(117) particularly in the development
of heterojunction PV solar cells.(118) However, SnS devices have so far produced PCE of fewer
than 5 % (119) due to inhomogeneities in the physicochemical properties, while theoretically
such cells are expected to reach 24 % efficiency.(120) SnS thin-film PV materials show high
absorption coefficients,(121)(94) electrical conductivity,(86) hall mobility,(86) large dipole
moments for enhanced charge separation, tunable band-gaps via controlling the size and shape

of the NCs and multiple excitation generations (MEG),(122) factors that should be considered
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when developing alternative semiconductor materials. Table 2-3 summarises key advances in
SnS-based solar cell devices from the literature. The highest device efficiencies achieved to
date include fabrication methods using high vacuum deposition techniques resulting in greater

grain growth compared to the solution-processed SnS device reported by Rath et al.(123)

Table 2- 3. Summary of reported SnS nanocrystal solar cells is utilising novel device
architectures and hybrid passivation techniques.

Voc FF
-2 0,
Author Jsc (mAcm-2) o) | (%) 1n (%) Comments
ITO/planar-
Rath et al.(123) 11.6 0.28 | 38 1.30 | TiO2/SnS/P3HT/Mo03/Ag solution-
processed and open-air fabrication
Reddy et al.(100) 9.6 0ae | 5w | dgp | et pehepsEliieing
film solar cells using spray pyrolysis
Schneikart et 19.0 0.22 ) 1.60 ITO/Al:ZnO/CdS/SnS/.A.u using RF
al.(97) sputter deposition
Ikuno et al.(124) 12.1 07| @ | pa | OGS TG oy e
magnetron sputtering
glass/Mo/SnS/Zn(0,S)/Zn0/ITO
Sinsermsuksakul using pulsed-CVD + treatment with
et al.(125) 194 0.24 ) 43 2.04 (Sn(MeC(N-iPr)2).) and hydrogen
sulfide (H:S)
Steinmann et Si/Si02/Mo/SnS/Zn(0,S)/Zn0O/ITO/
al.(126) 20.7 B | 9 3.88 Ag thermal evaporation
. Mo/SnS/Sn02/Zn(0,S):N/Zn0O/ITO
Sinsermsuksakul 20.2 037 | 58 | 4.36 | using ALD with highly doped ZnO n-
etal.(119)
type layer

2.7 Conclusions

Despite improvements in achieving control over the chemistry, morphology, assembly and
related applications, controlling the crystal structure, size, shape and stability of SnS QDs is
still a compelling objective for many research groups. These materials are difficult to

synthesise as a single crystal type with controlled size and shape due to their ability to access
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high oxidation states and consequently, form various crystal structures. The principle control
in these systems is through the precise manipulation of reaction variables such as fine control
of the ratio of capping ligands to precursor types, reaction times and temperature. However,
SnS QDs have a great potential not only in their current fields of research owing to their
excellent optoelectronic properties and abundance but also in biological applications due to
their non-toxic nature.

Therefore, this thesis will focus on the development of fabrication methods for synthesising
high-quality SnS CQD with optimised optoelectronic and physicochemical properties and

investigate their potential in biological applications.
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Chapter 3 Materials and Methods

3.1 Materials and reagents

Tin (1) chloride anhydrous (> 99.99 %), elemental sulphur, S (99.98 %), thiourea, TAA (99
%), bis(trimethylsilyl)sulphide, (TMS).S, oleic acid (90 %), 1-octadecene, ODE (90 %) were
all purchased from Sigma-Aldrich, UK. Ethylene glycol, EG and Oleylamine, OLA (80-90 %)
were purchased from Fischer Scientific, UK. All chemicals were used as received without

purification.

3.2 Synthesis
3.2.1 Colloidal synthesis of SnS QDs

A novel synthetic procedure for the synthesis of SnS CQDs using a low reactivity precursors
and low reaction temperatures has been developed and described in this section. In a typical
hot injection synthesis SnCl,, ODE, OA and OLA (molar ratios listed in Table 3-1) were loaded
into a 50 mL three-neck flask and connected to a Schlenk line. The system was evacuated using
a rotary pump and left on continuous stirring at 105° C for at least 1 h to maintain moisture free
conditions. Then, the Schlenk line was purged with Argon flow and these reaction conditions
were maintained for another 1 h to aid the complete dissolution of the Sn-based precursor
yielding a clear yellowish transparent organotin solution. In a desired range of reaction
temperatures between 40 and 60°C depending on the required band-gap value 1 mmol of
elemental sulphur (S) precursor was injected into the three-neck flask followed by an
immediate colour change from clear yellowish to dark within 15 s, indicating a nucleation.
After the S injection, the solution was left on the heating mantle for another 5-10 min for

growing of the quantum dots. The reaction vessel was cooled down to room temperature in a
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cold-water bath for 30 s. The modification required for the reaction synthesis of other SnS
CQDs described in chapter 4 of the thesis involved the replacement of the low reactivity
elemental S precursor with a highly reactive bis(trimethylsilyl)sulphide (TMS).S acting as a

sulphur precursor with the rest of the conditions kept constant.

Table 3- 1. Reagent quantities for the synthesis of SnS CQDs using different S precursors

Reagents Moles (mmol)
Tin (I1) chloride 2.00

Oleic acid 5.00
Oleylamine 12.00
1-Octadecene 10.00-30.00
Bis(trimethylsilyl) sulphide (TMS)2S or | 1.00
elemental sulphur (S)

The next step after the synthesis of the CQDs involved a solvent/antisolvent cleaning procedure
for removing any unreacted precursors, impurities and excess surfactants. First, the CQDs
solution was divided into two 50 mL centrifuge tubes and 20 mL of ethanol (antisolvent) was
added to each batch to precipitate out the quantum dots. The suspension was centrifuged at a
speed of 6000 revolutions/min (rpm) for 5 minutes and the flocculate was discarded after the
precipitation. The supernatant (QDs) was re-dispersed in 5 mL of hexane (solvent). The
ethanol/hexane cleaning procedure was repeated once more. The final precipitate of QDs was
re-dispersed in 5 mL of hexane with a concentration of 20 mg/mL and the colloidal solution of
SnS QDs was instantly used for further analysis. All samples in the thesis prepared by this

synthetic method were washed using the same cleaning procedure.
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3.2.2 PVP-encapsulated SnS QDs

In the synthesis of PVVP-capped SnS CQDs, 0.001-0.1 mmol of PVP (Mw= 10.000, 40.000,
55.000 and 360.000 g/mol) was added to a 50 mL three-neck flask that contained 10 mL EG
and connected to a Schlenk line. The solution was heated to 105° C under vacuum to maintain
a moisture free atmosphere and left on stirring for 1h. Then, the Schlenk line was purged with
argon flow and the solution temperature was increased to 140° C. Sn and S precursor solutions
were prepared by dissolving 0.38-2.00 mmol of SnCl>xH20 in 0.75 mL EG (% w/v) and 0.5-
1.00 mmol of TAA in 0.75 mL EG (% w/v). The precursor solutions were loaded into a syringe
and quickly injected into the PVP solution once the reaction temperature got stabilised at 140°
C followed by a progressive change of the solution colour from clear yellowish to dark greyish
as the reaction went to completion. Solution aliquots were collected every 30 min of reaction
time using a syringe and a needle and cooled down to room temperature in a cold-water bath

for 30 s.

Table 3- 2. Reagent quantities for PVP-encapsulated SnS CQDs.

Reagents Moles (mmol)
Sn (1) chloride 0.38-2.00
PVP 0.001-0.1
Ethylene glycol 18.00
Thiourea 0.5-1.00

After cooling down to room temperature, the aliquots were washes with 10 mL of methanol
and centrifuged at 6000 rpm for 5 min to remove unreacted precursors, solvents and surfactant
agents. The cleaning procedure was repeated once more, and the final precipitate was re-
dispersed in 5 mL of methanol and stored for future analysis. All SnS/PVP CQDs samples

prepared by this synthetic procedure were washed using the same cleaning method.
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3.3 Bacterial strains

Pseudomonas fluorescence (P. fluorescence) ATCC 13525 bacterial strain was used in all
biofilm and bioimaging experiments. The bacterial cells were provided by Miss Marimar Bravo

Cadena from the Department of Engineering Science.

3.3.1 Liquid medium preparation

For liquid medium preparation, 10 g of Luria-Bertani (LB) broth powder was mixed with 500
mL DI water and swirled until reaching homogeneous solution. The LB medium was
autoclaved at 121° C for 15-20 min. The LB medium was ready for use after cooling down to

room temperature.

3.3.2 Bacterial culture and preparation

Bacterial cultures of P. fluorescence were prepared in 50 mL centrifuge tubes by transferring
one colony grown overnight on LB plate into a 25 mL solution of fresh LB broth and incubated
at 30° C and agitated at 250 rpm overnight (> 20 h). Aliquots of bacteria were removed from
the culture solution with a sterile pipette to monitor growth by measuring optical density (OD).
Once the OD (600 nm) was reached, aliquots (~ 1 mL) of bacterial culture were added to fresh
LB medium (~ 24 mL) forming a total volume of 25 mL and incubated for another 5 h at 30°

C reaching a mid-exponential (log) growing phase.
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3.3.3 Toxicity assay

100 pL of bacteria culture was added to 96-well plate containing different concentrations of
SnS/L CQDs ranging from 0.31 to 20 % (v/v). The plate was covered with a lid and incubated
in a plate reader (Tecan instrument) at 30° C overnight. After the overnight incubation, the lid
was removed, and the dose-response growth curves of bacteria were recorded using Spark

control software.

3.4 Characterization techniques

This section gives a summary of the analytical and characterisation techniques used in the

thesis.

3.4.1 X-ray diffraction (XRD)

X-ray diffraction spectroscopy is a characterization technique that determines the interference
pattern and rearrangements of atoms within a crystal. XRD patterns are observed in crystals
with atomic planes through which an incident beam of X-rays interferes with the crystal
structure and leaves the sample as a diffracted beam. This analysis provides a good
understanding of the orientation of a single crystal or grain and measures the size, composition
and internal stress within the sample based on the intensity of the diffraction patterns vs angle
(20). The instrument used in this study was equipped with a fully automated Bruker D8
ADVANCE eco powder diffractometer employing copper Kal electromagnetic radiation with
a wavelength of 1.5406 A (with a mode of two theta (20)) and a LYNXEYE XE detector.
Samples were continuously spun during data collection and scanned using a step size of 0.02°
20 between the range of 10° to 90° 20. Thin-film samples were prepared by drop casting SnS

CQDs solution onto a silicon wafer.
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3.4.2 Ultraviolet-visible near infra-red (UV-Vis-NIR) spectroscopy

The optical absorption properties of all CQDs samples were measured on a Cary Varian 4000
UV-Vis-NIR spectrophotometer. A typical arrangement of the instrument includes a light
source, diffraction grating, aperture through which light travels to the sample cuvette and is
captured by a detector (photomultiplier tube). The detector measures the resulting light
intensity of a sample irradiated with a monochromatic beam of light. Liquid samples of diluted
CQDs solutions and pure organic ligands were loaded in quartz cuvettes. A baseline
measurement was performed at 100 % transmission (with no sample) and 0 % transmission
(blocking the light) before the analysis of the samples. Measurements were taken with respect
to a reference sample containing the dispersant solvent. This type of analysis is appropriate not
only for solutions but also for solid samples and gases. The energy band-gap, Eq, was calculated

using the so called Tauc plot equation,

(ahv)Y" = A (hv- E;) (6)

where hv is the energy of light, A is a constant, « is the absorption coefficient of the material
and r corresponds to the transition process (e.g. r= 1/2 and 1/3 for direct and forbidden

transitions, respectively). (127)

3.4.3 Fourier transform infrared spectroscopy (FT-IR)

Infrared spectroscopy is a non-destructive technique capable of identifying particular
functional groups that are present mostly in organic compounds according to their specific
vibrational characteristics. In FTIR analysis, a beam of infrared light is passed through the
sample and radiation of molecular absorption is measured as a function of frequency. A

spectrum is produced which shows wavelengths at which the sample absorbs IR and this allows
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identification of functional groups, compounds, chemical bonding and molecular structures.
The obtained FTIR results in this work were performed using a Varian Excalibur FTS 3500
spectrometer. All samples were prepared on glass substrates by drop casting SnS CQDs
solution and waiting for the evaporation of the solvent before taking the measurement. The
obtained FTIR spectra in each sample is an average of 64 scans. The achieved FTIR spectra

were analysed using an Origin software.

3.4.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy is a powerful chemical technique used for surface analyses
allowing determination of the elemental composition, chemical and electronic states within a
material and empirical formula. Samples were analysed using a Thermo Scientific Instrument
K-Alpha XPS spectrometer equipped with microfocussed monochromated aluminium X-ray
source operating at 12 keV and a 400-micron spot size was used measuring the irradiated light
in the form of X-ray photoemitted electrons from the top surface of the sample and the resulting
Kinetic energy. Survey scans and detailed scans were performed at a constant analyser energy
(CAE) of 200 eV and 50 eV, respectively. Charge neutralisation was applied using a combined
low energy/ ion flood source. Thin-film samples of SnS CQDs were prepared by drop casting
and placed on a steel bar sample holder using double-sided carbon tapes. Thermo Scientifics
Advantage software was used to aquire and analyse XPS spectra. XPS measurements were

carried out by Philip Holdway in Begbroke Science Park, University of Oxford.
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3.4.5 Transmission electron microscopy (TEM)

Transmission electron microscopy is a powerful imaging technique that provides information
about sample’s morphology enabling the precise measurement of the quantum dot sizes,
shapes, compositions, size-distribution and crystallinity. Most of the TEM analyses of CQDs
in the thesis were performed on a JEOL 2100 TEM operating at 200 kV along with an EDS
detector connected to an INCA software. Dilute dispersions of CQDs were prepared, in which
TEM grids were briefly dipped in and left to dry at ambient conditions. The obtained mean-
particle sizes were calculated using an experimental size histogram with a Gaussian distribution

curve generated from the counts of multiple quantum dots present in the TEM sample.

In addition, the FFT images were obtained by selecting an area of interest (e.g., the area of a
single quantum dot) and performing an FFT analysis using an ImageJ software. The resulting
FFT images were composed of an array of dots, which correspond to the d-spacing values of
specific lattice planes in the crystal structure, which were later compared to theoretical values

to assign the correct crystal phase of the material.

TEM reconstruction images were obtained by selecting the diffraction dots from the FFT
images and performing an inverted FFT analysis. This allowed precise confirmation of the d-
spacing values to the values of the original HRTEM images as well as determine crystal faults
or imperfections. The observed extended stripes beyond the region of the QDs could be related
to a thin organic layer covering the surface of the QDs due to the presence of organic ligands,
which was also observed from the TEM/STEM analysis of CdSe/ZnS core/shell quantum

dots.(128)
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3.4.6 Energy dispersive X-ray (EDS) spectroscopy

EDS analysis provides a reliable chemical characterisation quantifying the constituent elements
of the quantum dots. Elements have an electronic structure with specific energy. When a beam
of high energy electrons excites the sample, the electrons in the atoms of the constituent
elements are excited to a higher energy level in the conduction band and released to a lower
energy level in the valence band once they lose some of the absorbed energy. The release of
specific energy during exciton recombination provides information about the elemental
composition of the sample. The EDS measurements were performed at low magnifications
acquiring statistical average data of multiple quantum dots. INCA analytical software was used

to process the EDS spectra for chemical identification and quantification.

3.4.7 Scanning transmission electron microscopy (STEM)

Scanning transmission electron microscopy (STEM) is a unique characterisation technique
with advanced analytical capabilities compared to a conventional TEM analysis. STEM
enables high atomic resolution imaging and elemental composition mapping even on light
elements. High-resolution STEM/EDS imaging and line scan measurements of the chemical
composition and distribution of elements within the quantum dots were performed using a
JEOL JEM-ARM200CF aberration-corrected microscope operated at 200 kV, with
STEM/EDS capabilities and JEOL JEM-3000F TEM Aberration Corrected, Monochromated
EG-TEM operating at 80 kVV. TEM specimens were prepared by dip-coating a TEM grid into
a dilute solution of QDs followed by drying under ambient conditions. Samples were further
backed under vacuum at 120° C for 12 h to clean excess solvent or hydrocarbon contamination.

The STEM analysis was carried out with the help of Dr Judy Kim.
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3.4.8 Photoluminescence (PL) analysis

Photoluminescence spectroscopy is a non-destructive characterisation tool that provides
information about the electronic structure of a material. It allows the determination of band-to-
band electronic transitions and the rate of charge recombination processes providing
information about the presence of defect energy levels within the electronic structure of the
crystal. Additionally, time-resolved pPL (TRPL) measurements monitor directly the dynamics
of the charge carrier recombination processes based on the emissive PL lifetime decay of the
material. The PL lifetime is inversely proportional to the sum of both radiative and non-
radiative charge recombination rates. The 3D wavelength-dependent PL emission
measurements were taken using an automated Agilent Cary Eclipse Fluorescence
Spectrophotometer equipped with an Agilent xenon flash lamp allowing for fast acquisitions
times (capturing data every 12.5 ms), highly sensitive optics and photomultiplier tube detectors
connected to an Agilent Cary WinFLR software. Dilute dispersions of CQDs were loaded in
quartz cuvettes and excited with an excitation wavelength in the range of 350 nm to 500 nm
(with 10 nm increments). The steady-state PL spectra was collected and processed using an
Origin software.

Steady-state photoluminescent optical measurements were performed using a mode-locked
Ti:Sapphore laser (Coherent Mira, operating at 76MHz with a pulse width of 150ps), with
frequency doubled to 395nm. The excitation was directed onto the sample through a 100x
objective (0.7NA) giving an excitation spot of approximately 800nm. Emission was collected
through the same objective and directed to a 0.3 m spectrometer (with available gratings of
300, 600 and 1200 lines/mm). Time-resolved PL measurements were carried by directing the
emission to an output slit on the spectrometer (to act as a monochromator) and passed to a
photomultiplier tube (PMT) (Becker and Hickl PMH-100) with an instrument response
function width of 150 ps. A fast-photodiode detector was used at the excitation laser to act as
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a start timer for time-correlated single-photon counting (TCSPC) measurements. Fitting of
lifetime data was performed (mono-or dual-exponential fits where appropriate) using an Origin
software. Samples were prepared by drop casting diluted solutions of quantum dots onto silica
substrates. For the temperature-dependent TRPL measurement, thin-film samples prepared by
drop-casting of SnS CQDs were loaded onto liquid nitrogen/argon cryostat and left under
vacuum for 10 h to remove excess solvents before performing the analysis. All steady-state and
time-resolved PL measurements were performed at the Department of Physics with the kind

help of Dr Tim Puchtler.

3.4.9 DeltaVision widefield fluorescence system

Widefield fluorescence images were collected on a DeltaVision Core epifluorescence imaging
system (Imsol, Preston, UK) using an Olympus (Olympus Keymed, Southend-on-Sea, UK) IX-
71 microscope fitted with a 60x/1.4NA oil immersion objective. Green fluorescence was
generated by illuminating the sample at 488nm using a Lumencor SpectraX light source
(Lumencor, Beaverton, Oregon, USA) and bright-field transmission illumination was
generated using a broad-spectrum white LED (Imsol). A Photometrics Cool[SNAP HQ2 cooled
Charge Coupled Device (CCD) camera (Photometrics, Tuscon, Arizona, USA) was used to
sequentially capture fluorescence and bright-field images using the software package
softWoRx (Imsol). Post-acquisition processing, including generating merged images was
performed using ImageJ/FIJI (NIH, Bethesda, Maryland, USA). All samples were prepared by

adding a small amount of the biofilm to a glass substrate and covered by microscope slide glass.
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3.4.10 Perkin Elmer UltraView spinning disc confocal

A Perkin Elmer UltraView VoX (Perkin Elmer, Beaconsfield, UK) spinning disc confocal
mounted to an Olympus 1X-81 microscope fitted with a 60x/1.4NA oil immersion objective
(Olympus Keymed) was used to capture single plane fluorescence and bright-field images. A
laser at 488nm was used to excite green fluorescence and bright-field illumination was used
for transmission imaging, with images collected sequentially on a Hamamatsu C9100-13
Electron Multiplying-CCD (EM-CCD) camera (Hamamatsu Photonics UK, Welwyn Garden
City, UK) using the software package Volocity (Perkin Elmer). Post-acquisition processing,
including generating merged images was performed using ImageJ/FIJI. All samples were
prepared by adding a small amount of the biofilm to a glass substrate covered by a microscope

slide glass.

3.4.11 Olympus FluoView 3000 laser scanning confocal

An Olympus FluoView 3000 laser scanning confocal incorporating an Olympus 1X-83
microscope stand fitted with a 60x/1.4NA oil immersion objective (Olympus Keymed) was
used to collect lambda scans in order to characterise the fluorescence emission characteristics
of nanoparticles when excited at different wavelengths. Quantum dots were excited at either
405 nm, 488 nm or 561 nm and lambda scans performed by collecting light in 20nm bands
from 420 nm-600 nm, 490 nm-690 nm and 570 nm-760 nm for each excitation wavelength
respectively using the native FluoView confocal software. Data analysis was performed by
measuring fluorescence intensity at each 10 nm collection band using ImageJ/FIJI with the
Olympus file format plug-in installed (Olympus Keymed). All samples were prepared by

adding a small amount of the biofilm to a glass substrate covered by a microscope slide glass.
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Lambda scan measurements were performed with the kind help of Dr Andrew Jefferson from

the Department of Biochemistry at the University of Oxford.
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Chapter 4 Excitation-dependent photoluminescent
(PL) emission properties of SnS CQDs

This chapter presents the synthesis and optimisation of SnS CQDs with novel
photoluminescent (PL) properties for the first time. Dr Tim Puchtler from the Department of
Physics, University of Oxford, assisted with Temperature-dependent PL and time-resolved PL
(TRPL) measurements. Dr Judy Kim performed high-resolution STEM/EDS analysis used to

obtain elemental composition through line scans analysis of SnS QDs.

4.1 Introduction

The different strategies of tuning and optimising the optoelectronic properties of colloidal
quantum dots (CQDs) developed in the literature were discussed in chapter 2 of the thesis.
Chapter 4 will provide the reader with a synthetic procedure for fabricating high-quality SnS
CQDs with novel multi-colour photoluminescent (PL) properties and a systematic explanation
of the factors affecting their optical and emission features and link those theoretical hypotheses
to experimental results. The implementation of a low reactivity S precursor in the synthetic

procedure was examined.
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Table 4- 1. Summary of SnS QDs synthesised by various reaction procedures and conditions
reported in the literature.(129)(130)(131)(132)(133)(91)(134)(135)(136)

bl Colloidal synthesis Zinc :lzndl .
Size-tunable { tetrahedra Size-tuning effect
using SnCl, and Orthorhombic and
Odom et al.(129) Snf‘: nano- and elemental S 1.3-1.8 20-200 and 2D . Zinc blend on SnS crystal
microcrystals orthorhombic structure
plates
Colloidal synthesis
u 'nvg Monodispersed
. si . . .
Eychmuller et Size and shape- SnIN(SIMe,),], and Sph‘erlcal- and Orthorhombic NPs with spherical
al(130) tunable SnS TAA and different 15 7-20 triangular- 1:1 (space group Pbnm) (1:1 OA/OLA) and
i NPs ] X shaped NPs pace group triangular (1:2
ligands ratios of OAJOLA) sh
shapes
OA/OLA P
Col\f)ldasl s;'nthe:s Small,
. using SnBr; an
Tilley et al.(131) |  size-tunable € SnSr, Spherical- Orthorhombic monodispersed
Na,S and ligands w/ 11 3-5 11 . E
SnS NPs N shaped NPs ( space group Pbnm) | NPs with uniform
different number of )
size and shpe
hydroxyl groups
Various SnS
morphologies and
) shapes such as
Shape Hydrothermal MNanoparticles, NPs, NFs and
synthesis usin; Nanoflowers Orthorhombic
Davaretal.(132) | selecrtive SnS V‘ d & 20-200 d 1:1 b nanosheets
NPs SnCl,xH,0 and TGA an (space group Pbnm) formed when
atlow T Nanosheets TGA/Sn, rxn T an
rxn time varied
Size-tunabl Colloidal synthesis Ortharhombic B- Monodisperse,
ize-tunable
Liu et al.(133) <nS NPs using SnCl, and 1.3 6-20 Uniform cubes 1:1 SnS (space group size-tunable SnS Solar cells
TMS Cmem (63)) NPs
Various SnS shapes
: . such as NPs, NFs
. Size and shape- | Colloidal synthesis Nanoparticles, 11 d h
Ning et al.(91) blesns | b ) Tand 16 515 Nanoflowers 1:2/2:1 Orthorhombi and nanosheets
tunable Sn y varying rxn 'an X - and 2/ 2: rthorhombic formed when rxn T
NPs Sn/S molar ratios Nanosheets 1:2 and Sn/S varied
Colloidal synthesis
Size-tunable Various Metastable zinc-
Liu et al.(134) usingSnl;andSand | 1.6 8-200 ' 11 ! Solar cells
5nS NPs ) shapes blend
various rxn T
Colloidal synthesis
Size-tunable using slow and high Various Orthorhombic Instantaneous
Reiss et al.(135) 6 s & 13 7-14 111 surface oxidation
SnS NPs reactive Sn and S shapes (space group Pnma) .
after air exposure
precursors
Prastani et Hoidal N Good electrical
Colloidal synthesis -
al.(136) SnS NPs X ¥ 1.6 4 Spherical NPs 1:1 conductivity Solar cells
using SnCl, and TAA

Several research groups reported the synthesis of monodisperse, size-tunable SnS QDs with
control over the size, shape, stoichiometry, (single) crystal structure and surface passivation of
the final material and the achievements are summarised in Table 4-1. Various synthetic
methods and reaction conditions such as precursors types with different reactivities, stabilising
agents (organic ligands with different alkyl chain lengths), reaction temperature and reaction
time all have been explored with the aim of synthesising chemically-optimised SnS CQDs with
improved stability. Hickey et al. are one of the very few groups who described the fabrication

of SnS NPs with sizes below 10 nm. They found that the high reactive Sn precursor they used
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in the synthesis of SnS resulted in fast nucleation events forming uniform NPs with a narrow
size-distribution.(74) Tilley and co-workers reported the first facile fabrication of ultra-small
SnS QDs by varying the length of the organic ligands (number of hydroxyl groups) in the
synthesis resulting in sizes between 3-5 nm with stoichiometrically balanced NPs (Sn:S molar
ratios of 1:1).(131) Reiss et al. demonstrated in their work an adapted procedure for the surface
passivation of SnS NPs using a Cd-phosphonate complex under inert conditions resulting in
the appearance of a broad PL emission peak at around 600 nm (FWHM= 180 nm). Although
the promising achievements of inducing PL emission properties in SnS/CdS core/shell NPs,
the authors revealed that the Cd-passivated NCs showed same stability behaviour as the core
SnS NCs completely losing their PL emission due to surface degradation when exposed to
air.(135)

Despite the promising synthetic achievements of SnS QDs described in the literature, none of
the SnS-based reports presented significant improvements in the control of the optoelectronic
and emission properties of SnS QDs. Here comes the question then what could be the potential
reasons for producing size- and composition-tunable SnS NCs with a narrow size-distribution,
single crystal structure and good surface passivation as described in the literature, which does
not possess photoluminescent properties characteristic to direct band-gap semiconductor

materials?

In the first part of this chapter, preliminary synthetic results of SnS QDs will be discussed. I
will investigate the effect of changing the reaction conditions in the synthesis such as precursor
reactivity, reaction T and reaction time on the photoluminescent properties of SnS QDs. The
chapter will start with a characterisation assigning the optical and photoluminescent properties
to the size, and elemental composition of SnS QDs synthesised at different reaction
temperatures. The crystal structure and elemental composition of the SnS samples will be

studied as a function of reaction T.

74



In the second part, | will investigate three main hypotheses regarding the observed excitation-
dependent emission properties of SnS CQDs and understand the origin of their PL emission:
1) Relative size—different populations of QD sizes with close absorption and
emission profiles giving rise to excitation-dependent PL emission properties
2) Composition tuning—QDs with various elemental compositions (Sn:S
stoichiometric ratio difference) resulting in different sizes of QDs with close PL
emission profiles
3) Effect of organic ligands and organometallic compounds on PL emission

features

4.2 Synthesis and characterization of SnS CQDs

4.2.1 Precursor reactivity

There are several key reaction parameters in the colloidal synthesis of QDs to be controlled
and maintained such as precursor types, passivating ligands and reaction temperature
producing QDs with narrow size-distributions. In chapter 4 of the thesis, the effect of precursor
reactivity on the reaction synthesis of SnS QDs was carefully examined. It was observed that
the precursor type has a direct influence on the nucleation and growth rates as well as the final
size-distribution of the resulting QDs. The samples will be abbreviated as SnS-S (referred to

elemental sulphur) and SnS-TMS (referred to bis(trimethylsilyl)sulphide).

4.2.1.1 Effect on nucleation and growth kinetics

Figure 4-1 represents two synthetic routes for the fabrication of SnS CQDs and the observed
differences in the nucleation rates when using a low (Figure 4-1(a)) and high (Figure 4-1(b))

reactive Sulphur (S) precursors in the reaction synthesis. It was observed that the higher the
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precursor reactivity, the faster the nucleation rate (instant nucleation) resulting in the formation
of a larger number of small nuclei.(137)(138) Additionally, the use of the low reactive S
precursor (elemental S) decreased the overall rate of nucleation resulting in multi-step
nucleation events (gradual nucleation) with apparent solution colour changes from clear yellow
to dark red as seen in Figure 4-1 (a). This observation could be explained by the slow rise of
reactant species due to delayed nucleation.(139) Although the use of elemental S caused slow
nucleation events and thus increased the possibility of producing polydisperse samples of
quantum dots with a broad size-distribution, it improved my understanding of the different

reaction stages in the synthesis and helped me observe unseen properties of SnS QDs as before.

@) p

S
precursor

(TMS),S
precursor

Figure 4- 1. Images of the changes in the nucleation rates in the synthesis of SnS CQDs when
as a function of slow (top) and fast (bottom) reactive Sulphur precursors (elemental S and
(TMS);S), respectively).

4.2.1.2 Effect on absorption properties

Figure 4-2 shows a significant change in the optical properties between the two SnS samples
synthesised by varying the reactivity of the S precursors. The optical band-gap of SnS-TMS

appears to be narrower (2.55 eV) as seen in Figure 4-2.2(b) compared to the band-gap of SnS-
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S, which appears to be wider (2.95 eV). It is expected that the reason of the band-gap difference
between the two SnS samples to be a size-related phenomenon.(140)(35) The narrower the
band-gap of SnS CQDs (2.55 eV) the larger the average size of the quantum dots compared to
the size of the wider band-gap SnS CQDs (2.95 eV). This hypothesis will be further explored

using TEM analysis in the next section (refer to 4.2.1.3).
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Figure 4- 2. (a) UV-Vis absorption spectra and (b) calculated band-gap energy values of SnS
CQDs synthesised with elemental S (black spectrum) and (TMS)2S (red spectrum) precursors
showing the change in absorption with the degree of precursors’ reactivities.

4.2.1.3 TEM analysis

The mean-particle sizes of SnS-S and SnS-TMS CQDs were obtained using TEM analysis. The
results were measured and fitted with a Gaussian distribution curve. Both SnS-S (Figure 4-
3(a)) and SnS-TMS (Figure 4-3(e)) samples appear to be polydisperse having a range of sizes
between 2-5 nm with semi-spherical shapes. The mean-quantum dot diameter of SnS-TMS is
biacer (1.76 nm) as seen ir: i-igure 4-3 (j) compared to the mean-quantum dot diameter of SnS-
S (1.14 nm) (refer to Figure 4-3 (i)). The size measurements obtained from the TEM analysis
are in a good agreement with the corresponding band-gap values of the two samples as seen
from the UV-Vis spectra in Figure 4-2 (b).
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Figure 4- 3. TEM micrographs of (a-d) SnS-S and (e-h) SnS-TMS CQDs. (a, e) Low
magnification images are showing the high polydispersity nature of SnS-S and SnS-TMS
samples, respectively. (b, f) HRTEM micrographs and corresponding (d, h) FFT patterns of
single SnS-S and SnS-TMS, respectively, confirming the crystallinity of the QDs. (c, g)
Reconstruction HRTEM images obtained from the FFT patterns. (i, j) Histograms of the size-
distribution, with a Gaussian curve fit, of SnS-S and SnS-TMS CQDs, respectively.

Although the minor size differences between the two batches of quantum dots, noticeable
chemical composition variations are observed from the EDS summary data in Table 4-2. The
EDS data represents the at % composition of Sn and S elements in SnS CQDs excluding the
rest of the elements present in the sample, which could be a result of sample contamination and

thus avoiding misinterpretation of the results. It appears that the elemental composition changes
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in the quantum dots are highly dependent on the reactivity of the precursors used in the
synthesis. In the case of SnS-S CQDs, the Sn:S ratio is significantly higher compared to SnS-
TMS CQDs. This could be a result of both SnS QDs and Sn atoms present in the sample due

to the slow nucleation rate as a result of precursor reactivity.

Table 4- 2. Average elemental composition of (a) SnS-S and SnS-TMS CQDs obtained from
EDS analysis.

12.55 31.31 21.77 48.34
SnlL 87.45 68.69 SnlL 78.23 51.66
Atomic Ratio Atomic Ratio
Totals 100.00 Sn:S=2.2:1 Totals 100.00 Sn:S=1:1

4.2.1.4 Photoluminescence (PL) studies

The PL emission properties of the final precipitates of SnS CQDs were measured and presented
in Figure 4-4. Interestingly, when the high reactivity TMS precursor was employed in the
fabrication method, quantum dots with excitation-independent emission properties are
achieved (refer to Figure 4-4 (a)) regardless of the sample’s polydispersity (see Figure 4-3
(€)). The PL emission spectrum of SnS-TMS CQDs showed no other significant emission
features at longer excitation wavelengths (> 300 nm) except a single PL emission peak at 370
nm.

Additionally, Figure 4-4 (b) reveals that the use of elemental S results in the formation of
quantum dots with multi-colour PL emission characteristics covering the entire visible region
of the electromagnetic spectrum (Aem= 390-580 nm). This is a commonly observed
phenomenon in semiconductor materials due to the high size-distribution of quantum dots with

close absorption and emission profiles within the sample.(141) Despite the similarities in
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absorption, quantum dot sizes and size-distribution observed in SnS-S and SnS-TMS CQDs,
their PL emission features differ significantly. This result could be related to the observed
differences in the stoichiometric balance of the quantum dots (Sn:S) as observed from the
elemental composition analysis (refer to Table 4-2 (a, b)). Such changes in the composition of
SnS could be in the origin of the wavelength-dependent PL emission.(142) Alternatively, the
observed PL emission of SnS-TMS CQDs at 370 nm could be ligand-induced since this is the
region of the electromagnetic spectrum at which organic ligands are expected to emit light, and
this hypothesis will be further discussed in section 4.3.5.2. The effect of the low reactivity S
precursor on the optical and PL emission properties of SnS-S CQDs will be further explored in

the following section.
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Figure 4- 4. Photoluminescence spectra of (a) SnS-TMS and (b) SnS-S CQDs showing
noticeable differences in the PL emission features. The samples were illuminated with
excitation wavelengths from 300 nm to 550 nm.

4.2.2 Reaction temperature studies

In this section, SnS CQDs synthesised with elemental S at 40° C, 50° C, and 60° C will be
studied. The samples are abbreviated as SnS-1, SnS-2 and SnS-3 corresponding to increasing

reaction temperature.
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4.2.2.1 TEM analysis

Figure 4-5 shows low and high-resolution TEM (HRTEM) micrographs of SnS-1, SnS-2, and
SnS-3 samples. The low magnification images in Figure 4-5 (a, e, i) and the histogram plots as
seen in Figure 4-5 (m, n, o) reveal the broad distribution of quantum dot sizes in all three
samples regardless of reaction temperature. The resulting quantum dots show a semi-spherical
morphology with well-defined lattice fringes corresponding to their high crystallinity. The d-
spacing values of 0.22 nm and 0.34 nm correspond to lattice planes of {041} and {120} of the
orthorhombic (Pbnm) crystal structure of SnS. Interestingly, the crystal facets in sample SnS-
2 (refer to Figure 4-5 (f)) are formed from the lower index planes with a higher density of
surface atoms.(143) This observation could suggest the formation of fewer dangling bonds due

to higher coordination of surface atoms.

(h)
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Figure 4- 5. Low, HRTEM and FFT micrographs of SnS-S CQDs synthesised at (a-d) 40° C, (e-
h) 50° C and (i-1) 60° C. (m, n, o) Corresponding histograms presenting the degree of size
distribution within the three temperature samples, respectively.

Table 4- 3. Optical, emission and elemental composition change of SnS CQDs as a function
of reaction temperature.

A NP size Sn:S Polydispersity
SnS QDs (nnll::) E (eV) dISt{:::)tlon (atomic %) (%) FWHM (nm)
SnS-1 | 486 2.55 |1.14+0.32 2.2:1 56 ~80
SnS-2 528 2.35 |1.34+0.24 2.2:1 35 ~60
SnS-3 | 443 2.80 |1.90+0.45 1.5:1 50 ~80-100

4.2.2.2 Effect on optical and emission properties

The graphs in Figure 4-6 illustrates the 3D PL emission spectra and calculated optical band-
gap energy values of SnS-1, SnS-2, and SnS-3. Excitation-dependent emission characteristics
are observed in all three samples regardless of reaction temperature differences, which could
be related to a wavelength-dependent excitation of a subpopulation of quantum dots due to the
samples’ polydispersity as observed from the TEM analysis in Figure 4-5. Alternatively, a
composition tuning of the quantum dots could be in the origin of their emission-dependent

characteristics. This hypothesis could be supported by differences in the average atomic ratios
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of Sn:S in each sample as seen from the summary results in Table 4-3 or a combination between
changes in both size and composition. Furthermore, the measured band-gap values of samples
SnS-1 and SnS-2 are in a good agreement with the measured mean-quantum dot sizes (refer to
Figure 4-5 (m), (n)), showing size-dependent absorption properties. However, an unexpected
trend in sample SnS-3 is observed, which shows widening of the band-gap with increasing the
mean-quantum dot sizes as seen in Figure 4-6 (f). The discrepancy in the result could be related
to changes in the nucleation kinetics at higher reaction temperatures compared to the other two
samples. For example, an increase in the reaction temperature will increase the total thermal
energy of the reactant species increasing their reactivity. This will result in faster nucleation of
monomers forming a larger concentration of small nuclei that will all hypothetically grow with
the same rate into the final QDs compared to the other two samples. However, there is still a
continuous formation of new nuclei even at elevated temperatures. This is a result of the multi-
step nucleation events due to the lower S reactivity, but the nuclei concentration is significantly
higher in sample SnS-3 because of a faster nucleation rate. An attempt to further narrow the
size-distribution and study the origin of the excitation-dependent PL emission phenomenon in
each sample has been made by a size-selective precipitation (SSP) procedure (144) using a

solvent/antisolvent method as described in section 4.3.
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Figure 4- 6. Room temperature 3D PL and band-gap spectra of (a, b) SnS-1, (c, d) SnS-2 and

(e, f) SnS-3 CQDs.

Wavelength-dependent emission characteristics were observed in all

samples regardless of reaction temperature. Samples were excited from 300 nm to 540 nm.
(g) An image of SnS-3 CQDs excited at 405 nm, 532 nm, and 650 nm laser wavelength.
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4.3 Origin of the excitation-dependent PL emission
properties of SnS CQDs

4.3.1 Hypothesis I: Polydispersity of SnS CQDs

Polydisperse samples of QDs with non-uniform size and shape-distribution is a common
phenomenon observed in the synthesis of CQDs. However, size-selective strategies have been
developed to obtain monodisperse QD samples with the desired size-dependent properties. The
first method involves a direct synthesis-based approach, which aims to control the size of the
QDs by optimisation of reaction conditions.(145) The second strategy comprises of an
alternative post-synthesis precipitation of the QDs by size or shape.(146) The size-separation
methods include filtration,(147) gel electrophoresis,(148) chromatography (149) and

solvent/antisolvent procedures for achieving size-uniform NCs.

4.3.1.1 Size-selective precipitation (SSP) procedure

4.3.1.1.1 Effect on absorption properties

In this section, a size-separation strategy using a solvent/antisolvent precipitation was
performed on samples SnS-1, SnS-2, and SnS-3. Polar acetone solvent (antisolvent) was used
for the precipitation of the quantum dots while non-polar hexane solvent (solvent) was used to
re-disperse the final colloid of quantum dots. The observations from the UV-Vis spectra after
the size-selective precipitation (SSP) step show the existence of two phases of QDs in the
original samples as seen in Figure 4-7. The measured band-gaps of the three bottom phase
samples narrow from 2.55, 2.35 to 2.40 eV for samples SnS-1, SnS-2, and SnS-3, respectively
as reaction temperature increases, suggesting an increase in the mean-particle sizes (as shown
in Figure 4-7 (b), (e), (h), respectively). In contrast to the band-gaps of the bottom phase
samples, the calculated band-gaps of the top phase samples widen from 2.95, 2.98 to 2.75 eV

for SnS-1, SnS-2 and SnS-3, respectively suggesting that those samples are composed of

85



smaller-sized QDs compared to the bottom phase samples in each batch. However, from the
UV-Vis results and measured optical band-gaps of the three samples, one can notice separate
growing events in each phase of the quantum dots. While the band-gaps of the top SnS-1 and
SnS-2 samples remain constant regardless of the increase in reaction temperature, the band-
gaps of their corresponding bottom phases narrow by 0.20 eV with an increase of the reaction
temperature suggesting further size growth. This observation could be attributed to size and
composition focusing event in the growing mechanism of the QDs. This hypothesis will be
further studied and discussed in section 4.3.1.2.

A second size-focusing or size-growing event was evident in all top phase samples (refer to
Figure 4-7 (b, e, h)). In top phase SnS-1 and SnS-2 the band-gaps of the two samples are
relatively close (constant) and equal to 2.95 eV (see Figure 4-7 (b)) and 2.98 eV (see Figure
(e)), respectively. Top phase SnS-3 undergoes a red-shift in the absorption spectrum and
consequently resulting in a narrower band-gap value of 2.75 eV as seen in Figure 4-7 (h). This
suggests a further size growth with increasing reaction temperature. However, top phase SnS-
1, SnS-2, and SnS-3 samples appear to be composed of multiple populations of quantum dots
with close absorption profiles depicted from the PLE spectra in Figure 4-7 (c), (f), (i),
respectively regardless of the SSP step. Furthermore, the band-gap values of all top phase
samples have an average absorption spectrum corresponding to the sum of the two main
absorption peaks (~ 400 nm and ~ 450 nm) revealed from the 3D PLE plots. It is important to
notice that the 3D PLE spectra of top phase SnS-1 (refer to Figure 4-7 (c)) and SnS-2 (see
Figure 4-7 (f)) samples overlap at Aem= 450-540 nm except their absorption intensities, which
increase with increasing reaction temperature. The increase in the absorption intensity in both
top phase SnS-2 and SnS-3 could be referred to the higher concentration of QDs formed in the
samples with increasing reaction temperature due to faster nucleation events compared to top

phase SnS-1.

86



Furthermore, the 3D PLE spectra of top phase SnS-3 QDs as shown in Figure 4-7 (i) illustrates
a narrowing of the PLE peaks (Aem= 370-460 nm) compared to the broader range of absorption
peaks (Aem= 350-470 nm) depicted in the 3D PLE spectra of SnS-1 (refer to Figure 4-7 (c)) and
SnS-2 (refer to Figure 4-7 (f)). This result could be related to the regular size and composition
tuning of the quantum dots with increasing reaction temperature having a higher number of
quantum dots with closer absorption profiles. The changes in absorption as a function of size

and composition will be further studied and discussed in section 4.3.2.
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Figure 4- 7. (a, d, g) Optical absorption and (b, e, h) energy band-gap spectra after the size-
selective precipitation (SSP) step of SnS-1, SnS-2 and SnS-3 CQDs, respectively composed of
bottom (black spectra) and top (red spectra) phase CQDs. (c, f, i) 3D PLE spectra after SSP
of top phase SnS-1, SnS-2 and SnS-2 CQDs, respectively.
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4.3.1.1.2 Effect on PL emission properties

The 3D PL data in Figure 4-8 present the achieved size-focusing of the top phase quantum dots
after the SSP step. A gradual narrowing of the FWHM of the PL emission peaks at Aex= 400-
460 nm is observed in all three samples (see Figure 4-8 (b, e, h)). In sample SnS-1 the
narrowing of the PL emission peaks is less significant with a decreasing line width of 2-3 nm
with every 10 nm shifts of the excitation wavelength resulting in a total decrease of the FWHM
of the PL peaks of 10 nm as seen from the summary graph in Figure 4-8 (c). In SnS-2 (see
Figure 4-8 (f)) and SnS-3 (refer to Figure 4-8 (i)) samples further narrowing of the PL emission
peaks of 14 nm and 17 nm, respectively is observed. The size-distribution narrowing with
increasing reaction temperature could be related to faster size-focusing events during the
growth of the QDs at elevated temperatures. In the colloidal synthesis of QDs the growth
process can be divided into two stages—an initial, faster diffusion-controlled growth followed
by a slower growth of the QDs through aggregations of the initially formed small NCs .(150)
During the diffusion-controlled growth the monomer concentration is high resulting in fast
size-focusing events narrowing the overall size-distribution. Therefore, increasing the reaction
temperature could result in faster size-focusing events. This trend of size-distribution
narrowing is observed from the FWHM of the PL emission peaks in the three samples.
However, the overall FWHM of the highest PL emission peak (Aex= 460 nm, Aem= 510 nm) in
SnS-1 (Aex= 450 nm, Aem= 500 Nm), SnS-2 (Aex= 420 nm, Aem= 480 nm) and SnS-3 (kex= 460
nm, Aem= 520 nm) appears to be broad and equal to 105 nm, 95 nm and 99 nm for SnS-1, SnS-
2 and SnS-3, respectively. This phenomenon could be related to achieved optimum surface
structure due to small reconstruction changes to the surface of the quantum dots and size-
focusing processes during the growing step. Therefore, forming quantum dots with close
stoichiometries (Sn:S) or sizes with similar emission properties. Further narrowing of the PL

emission peaks at longer excitation wavelengths (Aex= 460-500 nm) is evident in all three
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samples. This result could be due to minor changes to the polydispersity of the QDs in all
samples.

The PL emission spectra in Figure 4-8 (b, e) supports the data from the 3D PLE measurements
(refer to Figure 4-7 (c, f)) of top phase SnS-1 and SnS-2 samples showing an overlap in their
emission (Aex= 400-500 nm) and absorption profiles (Aem= 450-540 nm) except emission and
absorption intensities, which increase with temperatures. These results further support the
findings of the performed UV-Vis analysis of samples SnS-1 and SnS-2 as shown in Figure 4-
7 (a, b) and (d, e), respectively. However, as seen in Figure 4-8 (g) of SnS-3, a 5 nm red-shift
(Aex= 400-450 nm) and a further 10 nm red-shift (Aex= 460-500 nm) in the PL emission
wavelength is observed compared to the lower temperature samples. This result further
supports the observed red-shift change in the optical band-gap energy of SnS-3 (2.75 eV)
compared to SnS-2 (2.98 eV) and SnS-1 (2.95 eV) (refer to Figure 4-7 (h), (e), (f),
respectively). These findings could further support my hypothesis of growing bigger quantum
dots with narrower band-gaps at higher reaction temperatures.

Furthermore, a PL bright point is reached in all three samples, which is a general phenomenon
found in semiconductor quantum dots during the growing step. This is a result of an optimal
surface rearrangement of the nanocrystals under given reaction conditions.(151) However, a
significant increase of the PL emission intensity in samples SnS-2 and SnS-3 compared to SnS-
1 is observed. This could be related to an increase of the optimal surface structure of the
quantum dots due to composition changes at higher reaction temperatures. Figure 4-8 (g)
illustrates that SnS-3 exhibits the highest intensity PL emission compared to SnS-1 and SnS-2
as seen in Figure 4-8 (a) and (d), respectively. In particular, the rise in the PL emission intensity
of SnS-3 could be due to higher chemical stability as a result of size or chemical composition

effects as seen in Figure 4-8 (g). A slightly lower atomic ratio of Sn to S ions could passivate
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the surface of the quantum dots better forming an atomic shell around them. The higher number

of S ions could eliminate mid-gap states acting as non-radiative charge recombination centres.

In conclusion, the obtained results from the 3D PL measurements after the SSP procedure as

shown in Figure 4-8 support the data from UV-Vis absorption (refer to Figure 4-7 (a, d, g))

and 3D PLE spectra (see Figure 4-7 (c, f, 1)), which indicate an increase in the size of SnS

CQDs and therefore red-shifting the absorption and emission wavelengths with increasing

reaction temperature. These observations support my initial hypothesis of growing bigger QDs

with optimised surface chemistries resulting in less surface charge recombination centres at

higher reaction temperatures.
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Figure 4- 8. Room temperature (a, d, g) 3D PL and (b, e, h) normalised 3D PL spectra after
the size-selective precipitation (SSP) step of top phase SnS-1, SnS-2 and SnS-3 CQDs,
respectively, showing multiple populations of QDs as a function of excitation wavelength. (c,
f, i) Summary plots of the size-distribution changes after SSP in SnS-1, SnS-2, and SnS-3
CQDs, respectively.

4.3.2 Size-selective precipitation (SSP) of sample SnS-3
4.3.2.1 Effect of SSP on size uniformity (dispersity)

The size-selective precipitation (SSP) procedure resulted in the separation of two phases
assigned as a top phase comprised of QDs with a wider band-gap energy and a bottom phase
comprised of QDs with a narrower band-gap energy as seen in Figure 4-9. The obtained TEM
results confirm the polydispersity nature of the two sample phases having a wide range of size-

distributions even after the size-narrowing precipitation.

Top Phase Bottom Phase

NPs size range: 3.5-6.3 nm NPs size range: 3.9-9.4 nm
Average NPs size: 4.8 nm Average NPs size: 6.1 nm

Figure 4- 9. Low and high-resolution TEM (HRTEM) images of SnS-3 CQDs after the size-
selective precipitation (SSP) procedure are resulting in the separation of (a) top phase CQDs
with a mean QD size of 4.8 nm and (b) bottom phase CQDs with a mean QD size of 6.1 nm.
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Table 4- 4. Summary tables of the chemical composition in (a) SnS-top and (b) SnS- bottom
phase samples acquired from an EDS analysis.

(a) (b)
SK 14.59 38.73 SK 18.77 46.11
SnlL 85.41 61.27 SnL 81.23 53.89
Atomic Ratio Atomic Ratio
Totals 100.00 Sn:S=16:1 Totals 100.00 Sn:S=1.1:1

The summary data from EDX analysis (refer to Table 4-4) performed on both samples reveal
considerable differences in their elemental compositions. A close examination of the EDS
results shows the existence of two main types of SnS QDs—a bottom phase composed of SnS
QDs with molar ratios of Sn:S=1.1:1 (refer to Table 4-4 (b)) and a top phase consistent of QDs
with Sn:S= 1.6:1 as shown in Table 4-4 (a). The discrepancy in the initial UV-Vis of SnS-3
(2.8 eV) taken before the SSP step (see Figure 4-6 (f)) compared to samples SnS-1 (2.55 eV)
and SnS-2 (2.35 eV) could be due to an increase in the number of Sn-rich QDs (Sn: S= 1.6:1)
compared to the number of stoichiometric QDs (Sn: S=1.1:1).

The obtained UV-Vis results (see Figure 4-7 (g)) indicate that tuning of the molar ratios of Sn
and S can result in shifting of the band-gap to shorter wavelengths. Additionally, the observed
blue-shift in the absorption of the top phase sample could be due to sulphur vacancies (Vs)
within the crystal structure of SnS compared to the bottom phase one. The lower S content
could form mid-band gap energy states acting as non-radiative charge recombination centres
(or where charge carriers can relax losing some of their absorbed energy before recombining
and emitting light) and thus blue-shifting the optical band gap of the material.(152)
Alternatively, the blue-shifted absorption could merely be due to the smaller-sized QDs found
in the top phase sample compared to the bottom phase one as confirmed by TEM analysis (see

Figure 4-9 (a)). Continuously increasing the S content during the crystal formation could
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increase the mean-particle sizes and narrow the absorption band-gap of the QDs. This

hypothesis was further studied, and the results will be discussed in section 4.3.4.

4.3.2.2 Effect of SSP on emission properties

To further explore the effect of the size-selective precipitation (SSP) procedure on the
absorption and PL emission properties of SnS QDs, PL studies were carried on the two phase-
separated samples. Figure 4-10 (c) illustrates that the excitation-dependent emission properties
of SnS are characteristic to the QDs of the top phase sample, which show a red-shifted emission
with longer excitation wavelengths. In contrast, the PL emission properties of the bottom phase
QDs show excitation-independent features with a representative PL emission peak at 378 nm
as depicted in Figure 4-10 (d). However, there is a small emission peak in the range of 450-
500 nm observed on the 3D PL spectra of the bottom phase QDs. Further analysis using pPL
measurements with a high energy pulsed laser source (Aex= 400 nm) confirms that the low-
intensity PL emission is coming from the QDs. This observation could be related to a small
concentration of top phase QDs still present in the bottom phase sample after the SSP
procedure. However, this separation technique does not allow for a precise precipitation control
over sizes. The 3D PLE spectra in Figure 4-10 (f) support the 3D PL data (refer to Figure 4-
10 (d)), which indicate the content of the bottom phase sample being mainly composed of QDs
with identical absorption (Aex= 370-380 nm) and emission (Aem= 378 nm) properties except of
a small population of top phase QDs (Aex= 400 nm, Aem= 475 nm).

Furthermore, the 3D PL spectra support the data from TEM analysis (refer to Figure 4-9),
which reveal the separation of two main phases of QDs with different compositions depicted
in SnS-3 before SSP. Based on the performed PL analyses before and after SSP, it appears that
the Sn-rich nature of the QDs (Sn: S= 1.6:1) in the top phase sample having a greater variety

of sizes and stoichiometries compared to the bottom phase QDs having a close stoichiometric
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ratio difference (Sn: S= 1.1:1) is in the origin of the excitation-dependent PL emission

properties of SnS. However, this hypothesis will be further examined and discussed based on

HRTEM studies of multiple single QDs in section 4.3.4.
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Figure 4- 10. Normalised (a, b) micro photoluminescence (uPL), (¢, d) 3D PL and (e, f) 3D
PLE analysis of top and bottom phase SnS-3 CQDs.

4.3.2.3 Effect of SSP on chemical properties

To further study the degree of surface passivation on the PL emission properties of the quantum

dots, the chemical environment of SnS QDs was verified using FT-IR spectroscopy analysis.
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The 600-2000 cm™ region of the IR spectra is shown in Figure 4-11 where the most emblematic
absorption bands are present. The absence of the most characteristic C=0 stretching band at
1705 cm in the IR spectrum corresponding to the carboxylic acid of the reference pure oleic
acid sample indicates the formation of a monolayer surfactant-capped structure of SnS QDs.
Also, the absence of the out-of-plane O-H stretching mode at 937 cm™ is noticed. Furthermore,
the appearance of a new broad absorption band (COO) at 1553 cm™ indicates the formation of
a new covalent bond to the Sn atom in SnS QDs observed in other semiconductor systems.(153)
The lack of the strong C=0 and O-H stretching bands together with the appearance of the new
(COO)  mode all suggest of a dynamic system, in which there is a preferential formation of an

Sn-oleate complex.

On the other hand, the appearance of a stronger NH, bending mode at 909 cm™ and a weaker
NH: bending mode at 992 cm™ confirm the oleylamine passivation on the surface of the QDs,
which is by literature values. However, the absence of the N-H broad wagging mode at 792
cm?, which is present in the reference oleylamine sample could indicate a preferential
attachment of OLA to the surface of the QDs inhibiting the region of the N-H wagging band
(700-900 cm™).(154) Finally, the observed similarities in the 1465 cm™ absorption mode in
both OLA and SnS further confirm the partial surface capping of SnS QDs by OLA. In
conclusion, there is a competing reaction between OA, OLA and Sn*? ions resulting in a mixed
ligand surface passivation of the QDs. In addition, there are no observable differences between
the IR spectra of the top and bottom SnS QDs. This observation indicates that the excitation-

dependent emission features of SnS QDs are not ligand induced.
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Figure 4- 11. FT-IR spectra of SnS-top and SnS-bottom CQDs compared to the spectra of pure
OA, OLA and ODE in the 600 cm1-2000 cm™! region.

4.3.3 Additional characterization of top phase SnS QDs

4.3.3.1 Temperature-dependent emission characteristics of SnS QDs

4.3.3.1.1 Micro-photoluminescence (uPL) measurements

The dynamics of the charge carrier recombinaition processes of semiconductor CQDs are
strongly influenced by the presence of defect energy levels due to surface degradations as a
result of their small sizes and high surface-to-volume ratios.(155) The presence of surface
disorders forming non-radiative charge recombination channels could decrease the PL
emission intensity and overall chemical stability of the QDs. SnS CQDs were measured using
MPL spectroscopy on a representative PL emission peak of 430 nm from 5 K to 300 K in order
to investigate carriers transport and effect of non-radiative surface traps (localized states) on

their electronic properties and structural quality.
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Figure 4-12 illustrates the temperature-dependent pPL emission spectra of top phase SnS-3
CQDs. The PL intensity of the emission wavelength significantly increases with decreasing
reaction temperature. The intensity of the PL emission smoothly increases up to 90 K. Further
decrease in the temperature below 60 K is followed by a drastic increase in the PL emission
intensity. The overall PL emission intensity of the quantum dots is increased by twenty times
due to elimination or deactivation of non-radiative surface charge pathways.(156)(157) The
obtained results indicate that the thermal quenching effects in SnS QDs are significantly high
at room temperature.

Additionally, the pPL spectra consist of a single broad PL emission peak (FWHM= 185 nm)
regardless of reaction temperature. The broad emission peak could be related to the high
polydispersity nature of the sample consisting of various (mixed) subpopulations of QDs with
close emission profiles (close sizes or stoichiometries) and thus resulting in a single broad
emission peak. However, a pronounced line narrowing (FWHM= 150 nm) and a significant
increase in the PL emission intensity are observed when the temperature is decreased in the
range of 150-5 K (refer to Figure 4-13) On the other hand, the excitonic emission shows a
small, monotonic blue-shift and line narrowing as temperature decreases (~ 2.48 eV at 300 K
and 2.58 eV at 5 K). The observed 20 nm energy shift in the PL emission wavelength could be
related to a temperature-dependent band-gap broadening due to a bond length shrinkage
between adjacent atoms decreasing the mean inter-particle distances in SnS QDs.(158) In
semiconductor materials, such a phenomenon is commonly observed due to bond length
contractions as a function of temperature.(159) The higher the reaction temperature, the higher
the chance of expanding the bond length between adjacent atoms within the crystal structure
of the material depending on the bonding strength due to higher thermal energy. The obtained
results from the temperature-dependent uPL measurements confirm no changes in the PL

emission spectra related to defects or organic ligands at shorter wavelengths even at low
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reaction temperatures. The observations from the pPL spectra as seen in Figure 4-12 (a) and

the summary graph in Figure 4-14 together with the TEM micrographs (refer to Figure 4-9 (a,

b)) prove the high crystal quality of SnS CQDs with PL emission features corresponding to

lattice-related exciton emissions.
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Figure 4- 12. (a) Temperature-dependent and (b) normalized temperature-dependent PL
emission properties of top phase SnS-3 CQDs showing variations in QD emission with
temperature (up to 300 K).
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of the PL peaks with decreasing temperature from 300 K to 5 K as expected for QD emission.
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4.3.3.2 Temperature-dependent emission characteristics

4.3.3.2.1 Time-resolved micro-photoluminescence (TRPL) measurement

Figure 4-14 presents the temperature-dependent time-resolved pPL (TRPL) decay spectra of
SnS QDs acquired at illumination wavelengths of Aem= 430 nm and Aem= 480 nm based on the
PL emission peak gathered from the temperature-dependent puPL measurements in Figure 4-
12 (a). A biexponential decay of excitons is observed in the TRPL decay spectra at both
emission wavelengths and all reaction temperatures. The PL decay dynamics consist of two
components—a fast and slow component due to non-radiative and radiative charge transfer
pathways, respectively. Those components are reversely proportional to one another. When the
sample is cooled down below 300K, the PL lifetime of the fast component remains almost
unchanged compared to the PL lifetime of the slow component, which becomes even slower
with a temperature decrease.

The PL lifetimes gradually increase with decreasing reaction temperature for both PL emission
wavelengths. The longest recorded PL lifetimes at Aem= 430 nm and Aem= 480 nm emission
wavelengths are 2.7 ns (refer to Figure 4-14 (c)) and 3.4 ns (see Figure 4-14 (d)), respectively.
The difference in PL lifetimes found between the two PL emission wavelengths could be due
to the different emission properties of a subpopulation of QDs in the sample. Smaller-sized
QDs (Xem= 430 nm) tend to have shorter exciton lifetimes compared to bigger-sized QDs (Aem=
480 nm) because the time required for an e and h* to recombine after excitation tends to be
shorter.(160)(161) For example, the smaller the size of the QDs, the stronger the special overlap
of the e and h* wavefunctions in the confined structure. The decrease of the special distance
or diameter of the exciton would result in stronger Coulombic attractions and therefore in a
faster recombination rate between the charge carriers.(162) This observation will be further
studied and explored in section 4.3.3.3. The obtained results from the temperature-dependent

MPL measurements in Figure 4-12 and the summary graphs in Figure 4-14 reveal that the non-
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radiative charge transfer pathways in SnS QDs are thermally activated processes, which
perplex carrier transport by trapping of excitons and thus quenching the PL emission intensity

of the quantum dots.
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Figure 4- 14. Temperature-dependent time-resolved PL decay spectra of SnS-top CQDs
collected from various temperature runs from 5 K to 300 K using (a) 430 nm and (b) 490
nm illumination wavelengths based on the PL emission peaks from the TRPL spectra in
Figure 4-12. (c, d) PL lifetime changes as a function of reaction temperature obtained from
the fitted PL decay curves in (a) and (b), respectively.
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Table 4- 5. Fitted PL lifetimes for the PL decay curves displayed in Figure 4-15.

Temperature | Twoexp | Lifetimet, Lifetime t, Lifetime t, Lifetime t,

(K) fit (ns) (ns) (ns) (ns)

5 0.74 2.70 0.86 3.44
920 0.73 2.68 0.62 3.00
120 0.66 2.42 0.58 2.90
150 0.39 2.37 0.61 3.00
210 0.47 2.27 0.62 2.92
300 0.46 2.01 0.50 2.70

4.3.3.3 Wavelength-dependent emission characteristics of SnS QDs

4.3.3.3.1 Time-resolved micro-photoluminescence (TRPL) measurements

The size dependence of the PL lifetimes indicates that the amount of non-radiative surface trap
states is related to the size of the quantum dots.(159)(161) The smaller the quantum dot size, the
higher its surface-to-volume ratio resulting in a higher number of surface trap states quenching
the PL lifetimes. The TRPL measurements in Figure 4-14 together with the summarised results
from the fitted PL decay curves in Table 4-5 show a progressive increase in the PL decay
lifetime as the PL emission wavelength is red-shifted to longer wavelengths. This result could
suggest that the increase in the PL lifetimes might be attributed to the reduction of non-radiative
surface pathways due to the lower surface-to-volume ratio of SnS QDs as they grow bigger
compared to the smaller ones or due to weaker Coloumbic attractions between the charge
carriers as a function of increasing exciton’s distance.

Furthermore, the polydisperse nature of SnS QDs consistent of a variety of different sizes
revealed from the TEM analysis in Figure 4-10 might contribute to the quenching of the PL
excitonic lifetime of the smaller QDs accompanied by an enhancement of the PL decay lifetime

of the larger QDs. The proposed electronic energy transfer from small to large SnS QDs is in
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a good agreement with the observations that have been made in other works of mixed
semiconductor quantum dot materials. (163)(164) In conclusion, the performed 3D PL, 3D PLE
and TRPL lifetime measurements (refer to Figure 4-10 (b), Figure 4-10 (c) and 4-15,
respectively) all support my initial hypothesis of the origin of the excitation-dependent
emission properties of SnS QDs due to sample polydispersity composed of different

populations of quantum dot sizes with close absorption and emission profiles.
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Figure 4- 15. (a) Time-resolved PL (TRPL) decay spectra of SnS-top CQDs. (b) Bi- and (c)
mono-exponential fittings of the PL decay curves in (a). Data collected at 300 K.

4.3.4 Hypothesis II: Chemical composition on PL emission properties
4.3.4.1 Stoichiometric control of SnS QDs

In the previous section of this chapter (refer to section 4.3.3), | have shown that the relative
size of the quantum dots has a direct effect on their absorption and emission properties. High-
resolution STEM/EDS studies on single quantum dots were performed with the aim to reveal
any composition changes to the size of the quantum dots. The top phase quantum dots of SnS-

3 were studied.
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4.3.4.1.1 STEM analysis

Figure 4-16 (a) shows representative low-magnification bright-field (BF) (Figure 4-16 (a))
and high-angle annular dark-field (HAADF) STEM images of SnS quantum dots as seen in
Figure 4-16 (b). The quantum dots are highly crystalline with clear lattice fringes regardless of
their small average sizes of < 5 nm. The resulting quantum dots show a semi-spherical
morphology with small shape irregularities. Although the relatively high polydispersity of the
sample, the inter-particle distances between the individual quantum dots are well-separated
showing minor aggregations, which could be related to the damaging nature of the electron

beam at high magnifications.

(2) (b)

Figure 4- 16. High-resolution (a) BF-STEM and (b) HAADF-STEM micrographs of SnS CQDs.
Images obtained with JEOL ARM200 with the help of Dr Judy Kim.

4.3.4.1.2 High-resolution STEM and EDS analyses
An aberration-corrected scanning TEM (STEM) analysis was performed on specially separated
single quantum dots. Figure 4-17 presents BF (Figure 4-18 (a), (d), (g9)), HAADF (Figure 4-

17 (b), (e), (h)) and reconstruction (Figure 4-17 (c), (f), (i)) HRTEM images of three individual
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SnS quantum dots. The quantum dots are crystalline with well-defined lattice distances and
highly ordered arrangements of lattice atoms, which provide substantial information for
determining the correct crystal phase. The d-spacing values of 0.28 nm, 0.29 nm and 0.34 nm
correspond to lattice planes of {111}, {101} and {120} of the orthorhombic (Pbnm) crystal
structure of SnS. Furthermore, the HAADF image in Figure 4-17 (k) presents that the facets of
the quantum dot are formed from the lower index planes composed of higher density of atoms
closely packed with respect to one another. (143)(165)(166) The surface atoms in the low-index
planes are coordinated to more neighboring atoms and thus result in a lower density of dangling
bonds reducing the number of non-radiative charge sites on the surface of the quantum dots.
Also, close examination of the crystal lattices reveals no dislocations of atoms or twinning

effects resulting in an ordered crystal structure.

STEM-EDS mapping was performed to study chemical changes in the composition relative to
the size of the quantum dots. The obtained results from the elemental mapping are summarised
in Table 4-6 revealing the Sn-rich composition of the quantum dots. Although the small
composition and size differences observed between the three quantum dots, a trend of
increasing size with respect to S content is depicted in all samples. The increase of the S content
could be related to an increase of the smallest dimension (shortest width) of the quantum dots.
Thus decreasing the overall atomic ratio of Sn to S. Additionally, this finding could suggest
that the richness of S atoms plays an essential role in passivating surface atoms and defect
states confining the electrons within the QDs.(167) However, to be able to confirm the observed
regularity in the results, STEM/EDS analysis will be performed on multiple single quantum

dots with the aim of achieving more detailed statistical results.
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Figure 4- 17. Representative high-resolution (a, e, i) BE/STEM, (c, g, k) HAADF/STEM, (b, f,
j) FFT and (d, h, 1) reconstruction images of three individual SnS quantum dots. All three
QDs appeared highly crystalline nature with clear lattice fringes, which provide enough
information for assigning their corresponding crystal phases. The STEM/EDS analysis was
carried with JEOL ARM200 with the help of Dr Judy Kim.
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Table 4- 6. Summary of the mean quantum dot sizes revealing variations in the atomic ratio

of SnS.

QD-1 2.5:1 2.0 2.8 2.4
QD-2 2.4:1 2.1 2.8 2.5
QD-3 2.3:11 2.8 3.6 3.2

4.3.4.1.3 STEM/EDS line scan analysis

In this section, high-resolution STEM-EDS line scan analysis was performed on multiple single
quantum dots with the aim of acquiring more reliable and accurate information on the elemental
distribution over a selected line due to the light nature of S and the much smaller degree of
damage caused to the sample.

Figure 4-18 presents a HAADF/STEM image containing multiple quantum dots used for the
line scan measurements determining the chemical composition of SnS. An even distribution of
Snand S constituent elements within the crystal structure of the quantum dots is observed from
the line measurements of QD 4-12. An example of the even elemental distribution within the
quantum dots is presented by the line scan data of QD 9 in Figure 4-19 (b). In contrast, the line
scan of QD 3 shows a migration of S atoms towards the edge of the quantum dot (refer to
Figure 4-19 (a)). This phenomenon could be related to the release of S atoms at early stages
from the initial STEM scan before spectra collection due to the higher surface to volume ratio
of the quantum dot. However, the obtained results from the line scan spectra reveal a uniform

elemental distribution of Sn and S atoms within the majority of the quantum dots.
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Figure 4- 18. A representative high-resolution HAADF/STEM image is showing the size-
distribution of quantum dots within the sample. STEM/EDS line scan measurements were
performed on multiple single QDs with the aim to study the changes in their relative size to
elemental composition.
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Figure 4- 19. Line scan data of QDs (a) 3 and (b) 9 were compared and discussed as showing
essential observations from their chemical composition and elemental distribution within
SnS quantum dots.
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Table 4- 7. Summary data obtained from the statistical STEM/EDS line scan measurements
on multiple individual SnS CQDs.

Qb1 9.0:1 1.7 23 2.0
Qb2 6.0:1 2.2 3.5 2.8
QD 3 4.5:1 1.4 2.8 2.1
Qb4 4.0:1 1.6 2.7 2.2
Qb5 3.5:1 2.3 2.4 2.3
QD 6 3.0:1 2.0 2.8 2.4
QD7 1.8:1 1.7 3.2 2.5
QD 8 1.7:1 2.3 2.8 2.6
Qb9 1.5:1 2.3 3.6 2.9
QD 10 1.2:1 23 2.8 2.6
QD 11 1.0:1 2.4 3.6 3.0
QD 12 0.7:1 1.8 3.7 2.8

4.3.4.1.4 Discussion

Interestingly, regardless of the damaging nature of the STEM analysis due to the high voltage
of the electron beam, one can notice a clear trend of an increasing quantum dot size with an
increasing S content. Figure 4-20 (a) illustrates that the small dimensions of the quantum dots
are showing less S at low aspect ratios and a progressive increase with increasing the S content
increasing the overall size of the quantum dots. However, line scan 2 (QD 2, circled in red)
appears to be an outlier, which does not follow the trend line through the rest of the data points
in Figure 4-20 (b). This observation could be explained by the higher degree of quantum dot
orientation and exposure to the electron beam compared to the other quantum dots in the sample

together with the high imaging resolution, which might have contributed to the sputtering of S
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atoms out of the quantum dot during the scanning. QD 9 and 12 show minor deviations from
the trend line, but their values are within a reasonable error.

In conclusion, the results from the HRTEM-EDS line scans in Table 4-7 together with the size
measurements of the quantum dots from the HRTEM images as seen in Figure 4-18 confirm
my initial hypotheses that the excitation-dependent PL emission properties of SnS CQDs are
both size and composition dependent. The elemental composition of the smaller-sized quantum
dots has a higher Sn to S atomic ratio giving rise to a PL emission at shorter wavelengths,
which is red-shifted to longer wavelengths with an increase of the S content and overall aspect

ratio of the quantum dots.
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Figure 4- 20. Summary plots showing changes in the (a) smallest dimension and (b) a

gradual increase of the aspect ratios of SnS quantum dots with increasing S content
generated from the line scan data in Table 4-7.
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4.3.5 Hypothesis III: Effects of organic ligands and organometallic
compounds

4.3.5.1 Effect on optical properties

In this section, I will examine the effect of organic ligands and organometallic complexes on
the optical and emission properties of SnS QDs. Figure 4-21 (a) shows the absorption spectra
of organic ligands (OA and OLA) and Sn-oleate complexes compared to SnS QDs. According
to the UV-Vis graph, there is a significant difference in the absorption profiles of the organic
compounds and organotin complexes to SnS QDs. The absorption of OA and OLA organic
ligands are relatively close to the organotin complex, which was formed by a chemical
reduction of a Sn-based precursor in the presence of both aforementioned organic ligands using
same reaction conditions used for the synthesis of SnS QDs except the injection of the S
precursor. On the other hand, the prominent red-shift in the absorption of SnS QDs compared

to the organotin complex, for example, implies composition and size-related changes during

the growth of the QDs.
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Figure 4- 21. (a) UV-Vis absorption spectra and (b) band-gap energy values of SnS CQDs
compared to organic ligands and organotin complexes revealing changes in their
absorption profiles.
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4.3.5.2 Effect on emission properties

The 3D PL and 3D PLE spectra as seen in Figure 4-11 support the results obtained from the
UV-Vis analysis (refer to Figure 4-21) which show red-shifting of the emission and absorption
of SnS with size compared to organotin complexes and organic ligands. Furthermore, the PL
spectra of SnS CQDs and Sn-oleate complexes as seen in Figure 4-22 (a) and (c), respectively
appear to be composed of a variety of PL emission peaks with a range of different wavelengths.
However, there is a significant difference in their absorption and emission wavelengths as well
as PL emission intensity, which is seen from the PL excitation contour maps in Figure 4-23.
Additionally, the 3D PLE spectra of SnS CQDs in Figure 4-22 (b) present three main PLE
peaks at 370 nm, 430 nm, and 490 nm, which suggest that different species in SnS CQDs give
rise to PL properties with close emission wavelengths. In contrast, the 3D PL spectra of
organotin complexes in Figure 4-22 (c) follow the PL emission profile of OLA (refer to Figure
4-22 (g)) resulting in a monotonous PL red-shift followed by a drastic decrease of the PL
intensity at longer excitation wavelengths compared to SnS. This observation could suggest
that both organic ligands and organotin complexes are not in the origin of the excitation-
dependent emission properties of SnS CQDs. It could be suggested that this phenomenon is

induced by different subpopulations of QDs with close size-dependent emission characteristics.

112



(@)

PL intensity (a.u.)

PL intensity (a.u.)

(€)

PL intensity (a.u.)

(9)

PL intensity (a.u.)

50

40

30

20

10

400

T T T T T
ex 300 nm
[——ex 315 nm |4
—ex 330 nm
[——ex345nm
(——ex 360 nm
ex375nm| ]
ex 390 nm
|—— ex 405 nm
[——ex 420 nm
[——ex435nm
[——ex 450 nm |3
—— ex 465 nm
[——ex 480 nm
[~ ex 495 nm
[——ex 510 nm |4
[~ ex 525 nm
—— ex 540 nm

T T T
450 500 550
Wavelength (nm)

12 T T T T T T
10 E
8 E
6 - -
4 4 i
24 -
0 T T T T T T
350 400 450 500 550 600 650 700
Wavelength (nm)
4004 —— 300 nm
—— 310 nm
— 320 nm
300 4 —— 330 nm| ]
—— 340 nm
—— 350 nm
— 360 nm
200 —— 370 nm|4
—— 380 nm
—— 390 nm
—— 400 nm
100 E
O 7 T T T T T 3
300 350 400 450 500 550 600 650 700
Wavelength (nm)
60 T T T T T T T T
—— 300 nm
50 3 —— 310 nm}
— 320 nm
— 330 nm
40 3 — 340 nm|{
—— 350 nm
—— 360 nm
%0 —— 370 nm]
— 380 nm
204 — 390 nm|J
—— 400 nm
10 5 E
O T T T T T T T T
250 300 350 400 450 500 550 600 650 700

Wavelength (nm)

(b)

Intensity (a.u.)

(d)

30

T
350

T T T
400 450 500
Wavelength (nm)

T
550

600

254

20

15

Intensity (a.u.)

10 A

T
— 420 nm
—— 430 nm

—— 450 nm
—— 460 nm
— 470 nm
—— 480 nm
— 490 nm
— 500 nm

— 520 nm

—— 440 nm| ]

—— 510 nm| ]

300

()

Intensity (a.u.)

Intensity (a.u.)

350

T T
400 450
Wavelength (nm)

T
500

T
550

600

600

500

400

300 4

200

100 4

T
——370 nm
—— 380 nm
——390 nm
—— 400 nm
—— 410 nm
—— 420 nm

T T T
400 450 500
Wavelength (nm)

T
550

600

—— 340 nm
— 350 nm
—— 360 nm
—— 370 nm
— 380 nm
——390 nm
—— 400 nm
—— 410 nm
—— 420 nm
—— 430 nm

—— 450 nm

—— 440 nm| 3

T
300

T T
400 450
Wavelength (nm)

T
350

T T
500 550

600

Figure 4- 22. (a, c, e, g) 3D PL emission and (b, d, f, h) 3D PLE spectra of SnS CQDs, organotin
complexes, OA and OLA ligands, respectively.
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Figure 4- 23. PL excitation contour plots of (a) OA, (b) OLA, (c) SnS CQDs and (d) Sn-oleate
complexes. PL emission intensity increases from blue to green to red depending on the PL
emission characteristics of the sample.

4.3.5.3 Temperature-dependent PL emission properties of organic ligands
compared to SnS QDs

4.3.5.3.1 Time-resolved micro-photoluminescence (TRPL) measurements

Temperature-dependent TRPL measurements were also carried on organic ligands to study
their electronic energy transfer in comparison to SnS QDs. Figure 4-24 shows an evident
difference in the PL emission spectra of the three samples with decreasing reaction temperature
(from 300 K to 5 K). The increase in the PL emission intensity implies an effective reduction
of non-radiative charge recombination pathways as a function of decreasing temperature.
However, in the case of SnS QDs, the PL emission spectra (refer to Figure 4-24 (a)) do not
show significant changes rather than a small, monotonic blue-shift in the PL emission
wavelength with decreasing reaction temperature. In comparison, the PL emission spectra of
both OA and OLA (see Figure 4-24 (b) and (c), respectively) undergo a noticeable modification
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by blue-shifting the PL emission to shorter wavelengths at lower temperatures. The PL peak of
OA becomes considerably narrower resulting in an overall line width decrease of 90 nm
(FWMH= 35 nm) at 5 K.

Interestingly, the PL spectra of OLA undergoes an inverse transformation compared to the PL
spectra revealed for OA. The PL spectra of OLA appear to be composed of three separate PL
peaks with close emission wavelengths at Aem= 420, 460 and 510 nm (Aex= 400 nm). These
results could suggest multiple optical transitions revealed by the introduction of new energy
states in OLA, which appeared to be hidden due to non-radiative recombination centres at room
temperature. However, a closer investigation of the phenomenon is required to understand and
confirm the optical processes happening in OLA at lower temperatures.

Furthermore, the TRPL measurements in Figure 4-25 reveal much longer PL lifetimes for both
SnS QDs and OA at lower reaction temperatures compared to OLA. This discrepancy in the
PL decay lifetimes of OLA could originate from the multiple PL peaks present in the sample
at low temperatures. The PL decay lifetimes become slightly faster as temperature goes down
probably due to the introduction of new energy states (extra PL peaks) at longer PL emission
wavelengths. They could provide alternative charge recombination pathways by increasing the
rate of charge recombination resulting in faster PL decay lifetimes.

In the case of OA, the PL decay lifetimes become slightly slower as temperature goes down.
This observation could be due to the elimination of defect energy levels in the electronic
structure of OA, which are thermally activated and therefore significantly altering the charge

recombination pathways at higher reaction temperatures.
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Figure 4- 24. (a, b, c) Steady-state PL spectra, (d, e, f) normalized steady-state PL spectra
and (g, h, i) summary plots of SnS CQDs, OA, and OLA, respectively showing a blue-shift and
increase in PL emission intensity and narrowing of the size-distribution as a function of
decreasing temperature. Data was collected at reaction temperatures between 5 K and 300
K.
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Figure 4- 25. Time-resolved PL decay spectra of (a, b) SnS QDs collected at an illumination
wavelength of 430 nm and 480 nm; (e) OA illuminated at 430 nm and (f) OLA illuminated
at 430 nm and 480 nm. The curve fittings are based on bi-exponential decay for (c, d) SnS
CQDs and (h) OLA and mono-exponential PL decay for (g) OA. Data was collected from 5 K
to 300 K (with 30 K increments).
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Table 4- 8. Summary results of the fitted PL decay curves in Figure 4-24 showing comparing
the obtained PL lifetimes of SnS CQDs to OA and OLA organic ligands.

Temperature | Two exp Lifetime t, Lifetime t, Lifetime t, Lifetime t, | Lifetimet, | Lifetimet, | Single | Lifetimet,

(K) fit (ns) (ns) (ns) (ns) (ns) (ns) exp fit (ns)
5 0.74 2.70 0.86 3.44 0.55 1.65 2.39
30 - - - - 0.52 1.68 2.20
60 - - - - 0.54 1.73 2.10
20 0.73 2.68 0.62 3.00 0.50 1.81 1.93

120 0.66 2.42 0.58 2.90 0.42 1.78 1.94

150 0.39 2.37 0.61 3.00 0.53 1.95 1.90

180 - - - - 0.56 1.94

210 0.47 2.27 0.62 2.93

300 0.46 2.01 0.50 2.70 0.6l

4.3.5.4 Wavelength-dependent PL emission properties of organic ligands and
organotin complexes compared to SnS QDs

4.3.5.4.1 Time-resolved micro-photoluminescence (TRPL) measurements

The small change of ~ 0.2 ns in the PL lifetime of OA and OLA ligands as seen in Figure 4-
26 and Figure 4-27, respectively might be a result of a small distribution of organic molecules
with close PL lifetimes present in the samples. The effect seems a lot more significant in the
SnS sample due to the size-distribution changes compared to the Sn-oleate and organic ligand
samples, which consist of only organic molecules. However, the organic molecules might exist
in a variety of conditions as a function of temperature. Their interactions with solvents could
result in different bond-lengths and bond angles adjusting the overall energy levels of the
ligands altering their PL decay times at different emission wavelengths. Additionally, the
ligands might have a similar band structure to QDs with discrete energy levels, which could be
giving rise to different emission wavelengths and consequently different PL lifetimes.

However, this hypothesis requires further investigation and analysis.
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In addition, a small increase in the PL lifetimes up to 470 nm emission wavelengths is observed.
This is followed by a decrease of the PL lifetimes at 490 nm and 510 nm in both OA and OLA.
However, in SnS a continuous increase of the PL lifetime reaching a maximum value of 4.7 ns
at Aem= 530 nm is evident. This result further supports our hypothesis of the size-dependent PL
emission of SnS QDs compared to passivation ligands and organometallic complex, which are
consistent of organic molecules and organometallic complexes only and do not possess such

size-dependent features.
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Figure 4- 26. Wavelength-dependent (a) TRPL decay curves of OA. PL lifetime plots of (b) bi-
exponential and (c) mono-exponential curve fittings. Data collected at 300K and PL
emission wavelengths ranging from 410 nm to 510 nm.
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Figure 4- 27. Wavelength-dependent (a) TRPL decay curves of OLA. PL lifetime plots of (b)
bi-exponential and (c) mono-exponential curve fittings. Data collected at 300K and PL

emission wavelengths ranging from 410 nm to 510 nm.
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Figure 4- 28. Wavelength-dependent (a) TRPL decay curves of organotin complexes
measured at PL emission wavelengths of 410 nm, 490 nm, and 550 nm.

Table 4- 9. Wavelength-dependent TRPL lifetimes of SnS CQDs with respect to OA, OLA and
organotin complexes.

Wavelength | Two exp Lifetime Lifetime Lifetime Lifetime Lifetime Lifetime Single Lifetime
(nm) fit t, (ns) t, (ns) t, (ns) t, (ns) t, (ns) t, (ns) exp fit t, (ns)
410 0.49 2.15 0.52 2.32 0.33 2.16 3.1
430 0.48 2.41 0.53 2.63 0.32 2.38
450 0.57 2.80 0.67 2.65 0.30 2.64 3.1
470 0.50 3.00 0.64 2.99 0.58 3.06
490 0.67 3.08 0.38 2.82 0.53 2.91 3.2
510 1.04 3.80 0.61 2.96 0.37 2.84
530 1.85 4.70 3.0

4.3.6 Conclusions

In conclusion, this chapter presents a new synthetic method for producing high-quality SnS

CQDs using a low reactivity S precursor and low injection temperatures. By controlling the
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precursor molar ratios and reaction temperature, SnS CQDs with novel excitation-dependent
PL emission properties covering the whole visible electromagnetic spectrum have been
synthesised. A systematic study of the origin of their PL emission features has been precisely
examined. STEM/EDS reveals the high polydispersity nature of SnS CQDs composed of a
variety of quantum dot sizes with different stoichiometries (Sn:S) suggesting their size and
composition-dependent emission properties. Furthermore, TRPL measurements reveal size-
dependent PL lifetime characteristics of SnS CQDs with a gradual increase from 2.2 ns to 4.7
ns with increasing PL emission wavelength. Finally, the obtained results all agree to one
another revealing that the multi-colour emission properties of SnS CQDs are both size and

composition-related phenomena, which can be influenced by the degree of surface coverage.
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Chapter 5 Strong quantum confinement effect in PVP-
encapsulated SnS CQDs

This chapter presents an alternative surface passivation procedure for the fabrication of high-
quality SnS CQDs with novel optical and emission properties demonstrating size-dependent
absorption and emission spectra. Dr Tim Puchtler from the Department of Physics, University
of Oxford, assisted with the temperature-dependent pPL and time-resolved pPL (TRPL)

measurements. XRD and XPS analyses were performed with the help of Philip Holdway.

5.1 Introduction

In the previous chapter, | presented an optimised synthetic procedure for the fabrication of
high-quality SnS CQDs with novel multi-colour emission properties. | proved that by tuning
reaction conditions such as precursor types and reaction temperature all influenced the
observed PL emission features of SnS due to both quantum dot size and stoichiometry
differences between Sn and S atoms within the crystal structure of SnS. In chapter 5, 1 will
apply an alternative surface passivation strategy for the synthesis of chemically stable and
highly luminescent SnS CQDs. To do so, I will replace the organic ligands in the synthesis
with a polymer alternative as a new capping agent. This study aims to show that surface
passivation is another critical factor in achieving good chemical stability by reducing non-
radiative charge recombination pathways obtaining improved optical and emission features of

SnS CQDs.
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5.2 Surface tuning/passivation

5.2.1 Principle

As discussed in chapter 2, there are various surface passivation strategies employed in the
synthesis of metal sulphide quantum dots maintaining their optimum brightness and improved
photostability. Among the majority of reports describing these synthetic methods, organic
polymer shell passivation has been shown to produce highly stable, monodisperse quantum
dots with efficient luminescent properties.(168) Saravanan et al. demonstrated in their work
the synthesis of highly monodisperse surface-modified PVVP-capped CdS QDs with enhanced
blue PL emission.(169) Such coating shell reduced the number of surface trap states related to
the green PL emission of bare CdS NPs (non PVP-capped) increasing the probability of exciton

recombination within the core material.

5.2.2 Role of PVP in the synthesis of SnS CQDs

Polyvinylpyrrolidone (PVP) is one of the most commonly used organic polymers for the
(colloidal) synthesis of nanomaterials providing high photochemical stability. PVP was found
to be as a good alternative to the variety of organic surfactants used in the colloidal synthesis
of nanomaterials. PVP is not only used as a suitable colloidal surfactant, but it is often used as
a dispersant, reducing agent, surface coating and shape-control agent depending on the specific
type of material used in the reaction synthesis, type of PVP (and corresponding reaction
conditions, factors which are equally important when considering optimum morphological,
optoelectronic and chemical properties.(170)(171)(172) The unique chemical features of PVP
belong to its mixed component system comprised of a hydrophilic pyrrolidone moiety and a
hydrophobic alkyl group that is in the origin of its excellent solubility in both water and many

other polar solvents. Moreover, the long organic hydrophobic chains prevent aggregations of
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NPs due to steric hindrance effects (repulsive forces) improving interparticle distances and thus
making PVP a good dispersant.(173) Also, the biocompatibility of PVP together with its high
passivation ability make it a suitable organic stabilizer to a variety of metal chalcogenide

quantum dots with improved photoluminescent properties and reduced toxicity features.

Figure 5- 1. (a) The molecular structure of N-vinylpyrrolidone monomer and (b) the
repeating unit of PVP. (c) Image of an Ag NP interacting passivated with PVP oligomers.
(Reprinted with permission from reference 157).

5.3 Synthesis and characterization of SnS/PVP CQDs

I will investigate the reaction mechanism behind a modified polyol synthesis of SnS CQDs
using a polyvinylpyrrolidone (PVP) polymer as an alternative capping surfactant at elevated
temperatures. | propose that the use of the organic PVP polymer will be highly effective in
passivating more un-protected surface atoms and dangling bonds due to the large surface-to-
volume ratio of SnS QDs resulting in optimum optoelectronic and physicochemical features. |

will present that the optical and emission properties of PVP-coated SnS QDs can be tuned by
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a systematic modification and control of the reaction conditions covering in the following
studies:

1) Effect of PVP molecular weight (Mw)

2) Effect of PVP concentration and reaction time

3) Effect of reaction temperature

4) Effect of precursors’ concentration

5.3.1 Polymer molecular weight study

Polymers with different molecular weights usually find use in various applications depending
on their corresponding chain lengths, which have a direct effect on their physical
properties.(174) In this section, | will examine the degree of surface passivation on absorption
and PL emission properties as well as determine the final morphology of PVVP-capped SnS
CQDs by making a direct comparison between four types of PVP polymers with different chain
lengths as a function of molecular weight using the reaction conditions described in chapter 3
(see section 2.2.2). To achieve the above, | will make a comparison between PVP 10 (Mw ~
10,000 g/mol), PVP 40 (My ~ 40,000 g/mol), PVP 55 (Mw~ 55,000 g/mol) and PVP 360 (Mw
~ 360,000 g/mol), which chain lengths increase with increasing molecular weight (the higher
the MW the longer the PVP chain length). The four SnS/PVP samples in this study are
abbreviated as SnS/PVP 10, SnS/PVP 40, SnS/PVP 55 and SnS/PVP 360 corresponding to

PVP 10, PVP 40, PVP 55 and PVP 360, respectively.

5.3.1.1 TEM analysis

TEM analysis was performed in order to determine the effect of PVP molecular weight on the

morphology and size-distribution of the resulting SnS colloidal quantum dots. Figure 5-2
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represents high-resolution TEM (HRTEM) micrographs of PVVP-encapsulated SnS CQDs at
various molecular weights. The quantum dots in all four samples appear semi-spherical in
shape, similar in size with an average diameter of less than 5 nm regardless of the length of the
surface passivator as described for other materials in the literature.(175)(176) However, the
mean inter-particle distances in SnS/PVP 55 (refer to Figure 5-2 (c)) appear well separated
compared to the size-distribution of the quantum dots synthesised either with the lower (refer
to Figures 5-2 (a, b)) or higher molecular weight PVP polymer (see Figure 5-2 (d)), in which
separation is compromised forming aggregations of quantum dots. As a result, the use of PVP
55 can be considered as having an optimum chain length forming a uniform and ordered
polymer matrix for the passivation of the quantum dots compared to the other molecular weight
PVP polymers used in the synthesis. In addition, the compromised size-distribution of the
quantum dots as seen in Figure 5-2 (a), (b) and (d) might further affect the optical and emission
properties of the resulting CQDs by quenching their quantum confinement and PL emission.

This hypothesis will be examined by UV-Vis and PL analyses in the following section.
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Figure 5- 2. High-resolution TEM (HRTEM) micrographs of SnS CQDs stabilized with (a) PVP
10, (b) PVP 40, (c) PVP 55 and (d) PVP 360 at 140°C and a fixed reaction time of 40 min. The
samples were dip-coated onto thin graphene oxide (GO) grids and dried under ambient
conditions before analysis.

5.3.1.2 EDX analysis

The elemental composition of SnS/PVP 55 CQDs was further examined due to their

homogeneous size-distribution compared to the QDs in the other three samples as seen in
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Figure 5-2. The summarised EDX results in Table 5-1 show stoichiometrically balanced SnS

CQDs with approximately 1:1 molar ratio.

Table 5- 1. A summary table of the average elemental composition observed in SnS/PVP 55
CQDs.

SK 18.55 49.80
SnlL 81.45 51.20
Atomic Ratio

Totals 100.00 Sn:S=1:1

5.3.1.3 Effect on optical properties

The prominent blue-shift in the excitonic peak position (2.8 eV) with respect to the bulk band-
gap of SnS NCs (1.3 eV) (177) is a clear indication of strong quantum confinement in all four
PVP-encapsulated SnS CQDs. Figure 5-3 shows a significant change in the absorption profiles
between PVP-capped CQDs compared to non-luminescent SnS NCs synthesised using similar
reactions conditions such as reaction temperature and time except the type of organic stabiliser
used in the fabrication method. The large blue-shift in the absorption spectrum of PVP-capped
SnS QDs compared to ligand-passivated SnS NCs together with the appearance of an excitonic
peak at ~ 440 nm signifies a notable surface modification due to reduced trap states and
aggregation of quantum dots. Furthermore, the partial loss of the exciton peak as observed in
the absorption spectra of SnS/PVP 40 and SnS/PVP 360 signifies that the quantum dots have
lost some of their quantum confinement due to quantum dot aggregation. Furthermore, the

complete loss of the excitonic peak in SnS/PVP 10 demonstrates the much higher degree of
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quantum dot aggregation formed in the sample compared the higher MW samples. These

observations are in a good agreement with the TEM results (see Figure 5-2).
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Figure 5- 3. (a) UV-Vis absorption spectra and (b) corresponding band-gap values of four

SnS CQDs encapsulated with different PVP MWs compared to the spectrum of SnS CQDs
passivated with organic ligands. All samples were syntheses at synthesised at 1400C.

5.3.1.4 Effect on emission properties

It might be expected that the longer the chain, the better the surface passivation providing long-
lasting surface protection compared to the use of a PVP polymer with a slightly shorter chain
length.(178) However, the absorption spectra in Figure 5-3 together with the results from the
3D PL and PLE measurements in Figure 5-4 all reveal that the longer chain length of the
polymer does not necessarily provide a higher degree of surface passivation that would
eliminate a significant number of non-radiative charge recombination centres due to
unprotected surface atoms or dangling bonds. The 3D PL spectra in Figure 5-4 (g) shows a
significant increase in the PL emission intensity of SnS/PVP 55 compared to the other three
samples synthesised with shorter (Figure 5-4 (a, d)) and longer PVVP chain lengths (Figure 5-
4 (J)). This observation further supports the obtained results from the TEM analysis in Figure

5-2 and UV-Vis measurements (see Figure 5-3) confirming my initial hypothesis that
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quenching of the PL emission is a result of compromised size-distribution due to partial surface

passivation of the QDs leading to the formation of aggregates.
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Figure 5- 4. Room temperature 3D PL, normalised 3D PL and PLE spectra of SnS CQDs
passivated with (a-c) PVP 10, (d-f) PVP 40, (g-i) PVP 55 and (j-1) PVP 360 acquired. The 3D
PL measurements were performed with excitation wavelengths in the range of 350 nm to
470 nm (in 10 nm increments) for all samples. PLE spectra were measured at a PL emission
peak of 490 nm.
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5.3.1.5 Discussion

Furthermore, the summary graphs in Figure 5-5 show a comparison of the PL emission
properties between the four samples in the study obtained from the performed 3D PL
measurements. A significant reduction in the FWHM of the maximum PL emission peaks in
sample SnS/PVP 55 (refer to Figure 5-5 (c)) at excitation wavelengths ranging from 400 nm
to 460 nm is observed compared to the other three SnS/PVP CQDs samples. These results
suggest improved sample uniformity and size-distribution of the quantum dots with reduced
inter-particle distances, factors that all contribute to the narrowing of the PL emission peaks.
Also, an enormous increase in the PL emission intensity (~ 20 times) of SnS/PVP 55 is evident.
This observation suggests an optimised surface functionalization passivating unprotected
surface atoms and thus quantising the electrons within the SnS core material rather than
recombining or quenching at the surface trap centres. Improved surface passivation results in
reduced non-radiative recombination processes, increasing PL emission and PL decay lifetimes
of the excitons. In conclusion, PVP 55 was found to be more efficient at minimising surface
inhomogeneities when compared to PVP 10, PVP 40 and PVP 360 due to the excellent surface

packing of PVP 55 resulting in fewer voids, dangling bonds or aggregation of quantum dots.
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Figure 5- 5. Summary graphs of the PL emission properties of SnS/PVP CQDs with (a) PVP
10, (b) PVP 40, (c) PVP 55 and (d) PVP 360 comparing the FWHM versus PL emission
intensity of the maximum PL emission peaks at excitation wavelengths ranging from 350
nm to 470 nm (with 10 nm increments).

5.3.2 Polymer concentration and reaction time studies

To determine the optimal surface passivation of the quantum dots, PVP 55 was chosen in the
new study over the shorter PVP 10, PVP 40 and more extended chain PVP 360 polymers due
to significantly improved optical, PL emission and size-distribution features of SnS QDs as
shown in the previous section (refer to Figure 5-3, 5-4 and 5-5, respectively). Many scientific
manuscripts, which have applied PVP 55 as a stabilising agent in the synthesis of colloidal
quantum dots reported that when the concentration of PVP 55 was below a critical level (< 5

% (w/v)), then the resulting quantum dots had an insufficient absorption of PVP on certain
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crystallographic facets.(175) The partial surface passivation increased the surface free energy
due to a lower coordination number of the surface atoms affecting the final morphology of the
quantum dots and their optoelectronic properties.(176)

On the other hand, increasing PVP 55 concentration above a critical level (> 10 % (w/v)) will
increase the viscosity of the solution and thus deteriorate the inter-particle distances and final
monodispersity of the quantum dots similar to PVP 360. In this section, | will compare the
surface passivation of SnS CQDs by means of two different PVP 55 concentrations in the
fabrication method as a starting point (as intermediates between low and high concentrations)
and depending on the achieved results further changes in the PVP concentration might be
attempted to improve the final surface optimisation of the quantum dots. The study aims to
address the degree of surface passivation over time intervals during the growth of the quantum

dots.

5.3.2.1 XRD analysis

XRD analysis was performed to determine the effect of PVP concentration on the crystal
structure of PVVP-capped SnS CQDs. The quantum dots were deposited onto a glass substrate
by drop-casting followed by drying under ambient temperature and pressure. Figure 5-6
represents the obtained XRD diffractograms of SnS CQDs thin film samples with PVVP 55 used
at 5 % (w/v) (see Figure 5-6 (a)) and 10 % (wi/v) (refer to Figure 5-6 (b)). The diffraction peaks
in both samples appear to be significantly broadened with relative peak heights having low
intensities. Broadening of the XRD peaks is observed in nanomaterials with sizes less than 100
nm and more pronounced with sizes less than 50 nm.(179) As a general concept, the origin of
the diffraction peak broadening can be assigned to different factors such as the small size of
the crystallite, low crystallinity (amorphous nature of the material), lattice distortions and

dislocations, random quantum dot orientations with respect to one another (due to sample
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polycrystallinity) and crystal strains on the surface of the material. In the case of SnS/PVP
CQDs, the explanation for the observed broadening in the diffraction patterns can be related to
the small sizes of the quantum dots, which was previously observed from HRTEM (see Figure
5-2). The XRD data do not provide precise and conclusive results regarding the crystal structure
and phase, morphology or related changes in SnS/PVP CQDs as a function of PVP
concentration. Therefore, high-resolution TEM (HRTEM) analysis was performed to precisely

assign the corresponding chemical form and morphology of the resulting SnS quantum dots.
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Figure 5- 6. XRD diffractograms of PVP-capped SnS CQDs fabricated with 5 % (w/v) PVP 55

and 10 % (w/v) PVP 55. The XRD samples were deposited on silicon substrates by drop
casting.

5.3.2.2 TEM analysis

Figure 5-7 shows low and high-resolution TEM (HRTEM) micrographs of SnS CQDs
achieved by varying the PVP 55 concentration. The highly versatile capping and size directing
role of PVP 55 results in the formation of monodisperse samples with some minor aggregations
of the quantum dots as seen in Figure 5-7 (a) and (e). The inter-particle distances between the

guantum dots are well separated. Furthermore, the concentration of PVP 55 does not affect the
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shape and average size of the quantum dots. The resulting quantum dots have a semi-spherical
shape with an average size of 5 nm. Moreover, the HRTEM images in Figure 5-7 (b) and (f)
together with their corresponding reconstruction images (refer to Figure 5-7 (d) and (h),
respectively) confirm the high crystallinity nature of the quantum dots with clearly seen lattice
fringes. The measured interplanar distances of SnS QDs are d= 0.29 nm (5 % (w/v) PVP 55)
and d= 0.34 (10 % (w/v) PVP 55), which are close to the standard d-spacing values of d=
0.2931 nm and d= 0.3423 nm consistent with their respective lattice planes (101) and (120) of
SnS orthorhombic phase (Pbnm, card no. 39-0354). The performed TEM analysis on individual
quantum dots confirmed that the PVP-capped SnS CQDs are composed of a single crystal

phase with similar morphologies regardless of PVP 55 concentration.

Figure 5- 7. TEM micrographs of PVP-capped SnS CQDs with a polymer concentration of (a-
d) 5% (w/v) PVP 55 and (d-g) 10 % w/v PVP 55. (a, e) Low and (b, f) HRTEM images of
PVP/SnS CQDs and (c, g) generated FFT patterns obtained from the HRTEM images from
the two sample. (d, h) HRTEM reconstruction micrographs generated from the FFT patterns
of the two samples.

135



5.3.2.3 Effect on optical properties

The graphs in Figure 5-8 illustrate the optical absorption spectra of five SnS/PVP solution
aliquots together with their calculated band-gap energy values taken at different growing stages
and compares the results to the absorption spectrum of pure PVP 55 at the same concentration
used for the synthesis of the QDs. There is an increasing trend in the absorption spectrum of
the quantum dots with time in both samples. This observation could be related to the higher
number of SnS/PVP QDs synthesised at longer reaction times giving rise to increased optical
absorption. Also, the appearance of an exciton peak at ~ 450 nm in the visible region of the
spectrum compared to pure PVP 55 is a clear indication of quantum confinement. The intensity
of the exciton peak progressively increases over time becoming more prominent at longer
reaction times. This observation suggests a monodisperse sample composed of high-quality
QDs with well-passivated surface atoms reducing non-radiative charge recombination
processes. The large blue-shift in the exciton peak position (band gap of 2.8 eV) of the PVP-
capped SnS QDs (see Figure 5-8 (c)) compared to the bulk band-gap energy value of SnS NCs
(1.3 eV) indicates that the QDs have entered a strong quantum confinement regime. However,
the absence of the exciton peak from the absorption spectra of the quantum dots stabilised with
the lower PVP 55 concentration (see Figure 5-8 (a)) indicates the poor surface passivation and
aggregation of the resulting QDs. The small exciton peak observed at 120 min of reaction time
suggests that the atom rearrangements and surface reconstruction processes take longer when
the amount of PVP 55 is reduced slowing down the reaction kinetics (both nucleation and
growth rates) and increasing the reaction thermodynamics. Furthermore, the amount of PVP
55 might not be enough to cover the whole quantum dot surface resulting in non-passivated

traps states and aggregations of QDs.
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Figure 5- 8. UV-Vis absorption spectra and (b, d) calculated optical band-gap energy values
of SnS CQDs passivated with PVP 55 used at (a, b) 5 % (w/v) and (c, d) 10 % (w/v). CQD
aliquots were collected at reaction times between 30 and 120 min and washed before the
analysis. Images of (e) 10 % (w/v) and (f) 5 % (w/v) aliquots excited at 365 nm.

5.3.2.4 Effect on emission properties
5.3.2.4.1 5% (w/v) PVP 55
Figure 5-9 illustrates the PL emission properties of SnS CQDs stabilised with 5 % (w/v) PVP

55 measured by 3D PL and PLE analysis. Interestingly, SnS/PVP aliquots all show PL emission
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features even at early reaction stages (reaction time of > 30 min). The intensity of the PL
emission peak progressively increases by more than ten times with increasing reaction time
reaching maximum intensity at 120 min. Also, a significant narrowing of the highest intensity
PL peak is observed in the first 40 min of reaction time followed by a further narrowing over
time as seen in the summary graph in Figure 5-10. This phenomenon could be related to
optimum surface rearrangements and size-focusing processes during the growth of the quantum
dots. The results of the 3D PL measurements support the data from the UV-Vis analysis as
shown in Figure 5-8 (a), which indicate an increase in the absorption spectrum at prolonged
reaction times resulting in the formation of more quantum dots with identical optical and
emission profiles and improved surface functionalisation giving rise to an excitonic absorption
peak.

In addition, there are two main PL peaks observed in the emission spectra of each sample
corresponding to two distinct species with different absorption profiles as seen in the PLE
graphs in Figure 5-9. However, comparing the 3D PL and PLE spectra of pure PVP and
SnS/PVP CQDs samples it can be clearly seen that the PL emission peaks excited at
wavelengths ranging from 350 nm to 410-420 nm all have identical absorption profiles (refer
to Figure 5-9 (b)) and thus belong to the PL emission coming from PVP itself.(180) However,
the excitation-dependent PL emission in the pure PVP sample might be attributed to excitation
of specific functional groups of PVP with a variety of electronic states giving rise to PL
emission at a range of wavelengths, which is a commonly observed phenomenon in organic
molecules.(181) PL peaks at excitation wavelengths > 420 nm correspond to the PL emission
of SnS QDs as supported by the PLE measurements showing a secondary absorption peak at
470 nm (see Figure 5-9 (e), (h, (k), (n), (q))), which is missing in the PLE spectra of pure PVP
(refer to Figure 5-9 (b)). In addition, it could be suggested that the intensities of the PLE peaks

increase over time with changes in the concentration of formed quantum dots.
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Figure 5- 9. 3D PL, normalised 3D PL and PLE measurements of SnS/PVP CQDs aliquots in
methanol passivated with PVP 55 used at 5 % (w/v) at reaction time of (c-e) 30 min, (f-h)
40 min, (i-k) 60 min, (I-n) 90 min and (0-q) 120 min and compared to the (a) 3D PL and (b)
PLE spectra of pure 5 % (w/v) PVP 55 re-dispersed in methanol as a reference sample. 3D
PL spectra were obtained at excitation wavelengths from 350 to 470 nm. PLE spectra were
measured at PL emission peaks of 425 nm and 490 nm in all samples.
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Figure 5- 10. A summary graph illustrating the PL emission intensity at 490 nm vs. size-
distribution changes observed in SnS/PVP CQDs stabilised with 5 % (w/v) PVP 55 as a

function of growing time.
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5.3.2.4.2 10 % (w/v) PVP 55

The obtained 3D PL and PLE results (refer to Figure 5-11) of the samples synthesised with
PVP 55 used at 10 % (w/v) show similar emission and absorption properties to the ones
passivated with 5 % (w/v) PVP 55. Doubling the concentration of PVP 55 improved the
passivation of trap states and dangling bonds on the surface of the quantum dots by significantly
increasing the intensity of their PL emission. Figure 5-11 (a-c) shows 3D PL emission and
PLE spectra of a pure 10 % (w/v) PVP 55 solution, which appear to be identical to the results
obtained for the 5 % (w/v) PVP 55 solution in Figure 5-9 except for a minor increase in the PL
emission intensity due to a higher concentration but with no changes to the absorption
wavelength. The PL emission intensity is improved by more than 20 times as seen in Figure 5-
11 (m), which indicates the improved surface optimisation of the resulting PVP-capped SnS
CQDs. This is consistent with the observed increase in the absorption of the QDs measured by
UV-Vis analysis as seen in Figure 5-8 (c) and PLE spectra (refer to Figure 5-11 (0)). Also, an
overall PL peak narrowing of 22 nm is indicative of improved size-distribution with reduced
inter-particle distances resulting in less aggregations and an overall improvement in sample

monodispersity.
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Figure 5- 11. 3D PL, normalised 3D PL and PLE measurements of SnS/PVP CQDs aliquots in
methanol passivated with PVP 55 used at 10 % (w/v) at reaction time of (c-e) 30 min, (f-h)
40 min, (i-k) 60 min, (I-n) 90 min and (0-q) 120 min compared to the (a) 3D PL and (b) PLE
spectra of pure 10 % (w/v) PVP 55 re-dispersed in methanol as a reference sample. A range
of excitation wavelengths between 350 and 470 nm was used in the PL measurements. PLE
spectra were recorded at PL emission wavelengths of 425 and 490 nm in all samples.
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Figure 5- 12. A summary graph of the PL emission intensity at 490 nm vs. size-distribution

changes observed in SnS/PVP CQDs stabilised with at 10 % (w/v) PVP 55 as a function of
growing time.

5.3.2.5 FT-IR analysis

To determine the binding sites and the degree of surface coverage of PVP 55 on SnS CQDs,
FTIR spectra of pure PVP 55 and PVP-capped SnS QDs were measured (refer to Figure 5-13).
The 500-4000 cm™ region of the IR spectra is shown in Figure 5-13 where the most significant
absorption bands are present. The observed similarities in the absorption modes of pure PVP
and PVP-capped SnS CQDs corresponding to O-H stretching vibration at 3434 cm?, C=0
stretching vibration at 1661 cm™, CH, bending vibration at 1424 cm® and C-H vibrations
modes at 1291 cm™ and 1018 cm™ all confirm the PVP surface absorption on the quantum

dots.(182) The increased absorption mode at 1661 cm™ observed in both samples suggests that
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the binding site for the surface passivation of PVP is through the interaction of the C=0

stretching vibration with the metal ion on the surface of the quantum dots. However, there are

some differences in the FTIR spectra of the PVVP-passivated samples that could be assigned to

the covering density of PVVP on the surface of the quantum dots. Figure 5-13 (b) illustrates that

the C=0 stretching vibration mode at 1661 cm™ in the sample synthesised with the higher PVP

concentration is more pronounced compared to the sample stabilised with less PVP (refer to

Figure 5-13 (a)). The FTIR data together with the PL spectra (see Figure 5-9) are in a good

agreement implying that the surface of the quantum dots passivated with 5 % (w/v) PVP 55 is

less protected and likely to form more non-radiative recombination pathways and thus

decreasing the overall intensity of the PL emission.
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Figure 5- 13. FT-IR spectra plots of SnS CQDs passivated with PVP 55 at (a) 5 % (w/v) and

(b) 10 % (w/v) recorded at various reaction times ranging from 30 to 120 minutes.
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Table 5- 2. Representative FTIR modes and peak intensities of PVP-capped SnS CQDs visible
in Figure 5-13.

Peak intensity (cm™) Group band
1290-1018 C-H vib
1424 CH, bend
1661 C=0 stretch
2955 C-H asym stretch
3434 0-H stretch

5.3.2.6 Discussion

The 10 % (w/v) PVP 55 stabiliser provided the most effective long-lasting surface passivation
of the resulting SnS CQDs. The PL emission properties of SnS/PVP QDs are improved more
than two times using 10 % (w/v) PVP 55. This result could suggest a significant elimination of
non-radiative charge recombination centres due to an improved surface optimisation of the
QDs. However, the FWHM values in both samples appear to be close to one another with small

difference regardless of their PL emission intensities.
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Figure 5- 14. Comparison of the (a) PL emission features and consequent (b) size-
distribution changes in SnS/PVP CQDs measured by the FWHM of the highest intensity PL
peak at reaction growing times between 30 and 120 minutes as a function of PVP molecular
weight.
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5.3.3 Reaction temperature studies

In the previous two sections, | have shown that a precise consideration of reaction conditions
such as the type and amount of surfactant used in the synthesis is of a significant importance
for the degree of surface passivation of the quantum dots improving their optical and emission
features due to elimination of non-radiative charge recombination centres present in the QDs.
In addition, | have performed a systematic study of the growing mechanism and surface
reconstruction processes of the quantum dots recorded at various reaction times by using PL,
PLE and UV-Vis analysis. The obtained results improved my understanding of the growing
reaction kinetics and helped me consider the new reaction conditions for the further
optimisation of the quantum dots. In this section, 1 will tune the reaction temperature with the
aim of finding the best growing conditions for better surface passivation resulting in fewer trap

sites.

5.3.3.1 Effect on optical properties

Figure 5-15 represents the performed UV-Vis measurements on SnS/PVP CQDs synthesised
at different growing temperatures and a fixed reaction time of 120 minutes. The results reveal
that the excitonic peak is retained in all three samples, which implies that the quantum dots
belong to the quantum confinement regime irrespective of reaction temperature. However,
changes in the absorption spectra with respect to temperature are evident. It appears that when
the reaction temperature is lowered below 140° C, both the absorption and excitonic peak
intensities are reduced compared to the other two samples synthesised at higher temperatures.
This observation suggests that the nucleation and growth rates of the reaction are directly
related to temperature by slowing down the formation of small nuclei and the growth of the
guantum dots due to a lower concentration of reactant species with sufficient energies to react

(energies greater than the activation energy).(173)
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Also, the lower intensity of the excitonic peak observed at 120° C could be related to the smaller
number of photoluminescent QDs present in the sample due to the slow growth rate or sample
inhomogeneity (aggregation of QDs or un-passivated surface trap states). However, increasing
the reaction temperature to 160° C shows a small intensity loss of the excitonic peak compared
to the absorption spectrum of the quantum dots at 140°C, which is a clear indication of a partial
loss of quantum confinement due to clustering of the quantum dots. Opposite to the reaction
kinetics proposed in the growing process of the QDs synthesised at 120° C, it appears that 160°
C is too high affecting the growth rate by creating higher chances of undesired interactions
between the reactant species or molecules forming clusters of QDs. This hypothesis will be

confirmed with any changes observed in the PL emission properties of the resulting quantum

dots.
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Figure 5- 15. (a) UV-Vis absorption and (b) band-gap energy changes of the optical spectra
of PVP 55-encapsulated SnS CQDs at 120° C, 140° C, and 160° C.

5.3.3.2 Effect on emission properties

Figure 5-16 illustrates the PL spectra of the three samples synthesised at various temperatures,

which is in a good agreement with the data from the UV-Vis measurements as seen in Figure
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5-15 indicating a reduction in the PL emission intensity and an increase in dispersity of the
quantum dots within the samples as a function of reaction temperature. The PL emission
intensity appears to be the highest at 140°C, which was also confirmed by the intensity of the
excitonic peak observed from the absorption spectrum of SnS compared to the other two
samples. However, the PL emission intensities at 140° C and 160° C are found to be relatively
close to one another following the observed same changes from the absorption spectra (refer
to Figure 5-11). Figure 5-16 summarises the trend in the PL emission features and size-
distribution changes observed during the growing stage of the quantum dots at each reaction
temperature. It appears that the highest PL emission intensity belongs to the sample synthesised
at the intermediate temperature with significant narrowing of the FWHM of the PL peaks
throughout the different growth stages of the reaction. There is a progressive increase in the PL
emission intensity of the sample at 160° C up to 60 min of reaction time followed by a drop
when the growing time is further increased. The decrease in the PL intensity could be directly
related to the increase in sample’s polydispersity due to the formation of aggregates or surface

defects as seen from the widening of the PL peaks at reaction times longer than 60 min.

This result supports my hypothesis based on the UV-Vis data that a high reaction temperature
might result in unwanted collisions of reactant species due to their significantly higher thermal
energies. Furthermore, a significant difference in the FWHM of the PL peaks at 120°C at early
reaction times compared to the line width in the other two samples at 140° C and 160° C is
observed. This observation could be related to the greater size-distribution of quantum dots in
the sample at a lower temperature due to a slower growth rate and therefore, to slower size-
focusing events. The UV-Vis measurements (refer to Figure 5-15) together with the PL data
confirm that 140° C could serve as an optimum reaction temperature in future synthesis studies

in the next sections.
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Figure 5- 16. PL and PLE spectra of the highest intensity PL emission peaks recorded at
reaction times between 20 and 120 minutes at (a, b) 120°C, (c, d) 140° C and (e, f) 160° C. A
progressive increase in the PL emission intensity and absorption with prolonged reaction
times was observed. Samples were illuminated with an excitation wavelength of 470 nm.
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Figure 5-17 summarises the results from the 3D PL measurements (as seen in Figure 5-16) and
the corresponding changes in the PL emission intensity and narrowing of the size-distribution
of the quantum dots at various reaction times as a function of temperature. Regardless of the
drop in the PL emission intensity at reaction times longer than 60 min at 140° C, a progressive
narrowing of the size distribution of the quantum dots is observed at longer reaction times
reaching a line width of 63 nm at a growing time of 120 min. This observation suggests that
the optimal surface structure of the quantum dots is reached at 60 min resulting in the formation
of quantum dots with bright PL emission followed by a minor surface degradation at prolonged
growing times (> 60 min). It could be clearly seen from the plots that the increase in reaction
temperature resulted in a faster growth rate and surface rearrangement of atoms by enhancing
the PL emission intensity of the QDs. Although the surface stabilisation of the quantum dots
was found to be compromised at 120 min, I will continue working with prolonged reaction
times due to improved size-distribution. | will attempt to improve the PL emission intensity by
fine tuning of the precursors’ molar ratios (Sn:S). I hypothesise that increasing the Sn ions with
respect to S ions will result in even more successful surface passivation of non-radiative charge

recombination sites increasing the overall PL emission intensity of the quantum dots.
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Figure 5- 17. Summary graphs of the PL emission characteristics of SnS/PVP CQDs
synthesised at 120° C, 140 C, and 160° C comparing the (a) PL emission intensity and (b)
FWHM of the maximum PL peaks measured at growing intervals between 20 and 120
minutes. Samples were excited at 470 nm reaching a maximum PL emission intensity.

5.3.4 Precursor concentration studies

In this section, 1 will further investigate the surface stabilisation of PVVP-capped SnS CQDs by
means of determining the optimum molar ratios between Sn and S precursors by monitoring
changes in the PL emission properties of the quantum dots. Then, I will further explore my
studies by performing a fine tuning of the concentration of the Sn-based precursor keeping S
constant with the aim of proving that precursors molar ratios are an important parameter when

optimising the synthesis.

5.3.4.1 Sn:S molar ratios
5.3.4.2 Effect on emission properties

The graph in Figure 5-18 shows a summary plot of the PL emission spectra of PVP-capped
SnS CQDs fabricated by varying the Sn:S molar ratios. It is seen from the PL spectra that the

amount of Sn ions has a detrimental effect on the PL emission properties of the resulting
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quantum dots. As the molar ratio of Sn is reduced compared to the S molar ratio, the PL
emission intensity decreases. This result can be explained by the formation of Sn vacancies
(Vsn) on the surface of the quantum dots creating non-radiative charge recombination centres
thermalizing excitons. On the other hand, when the overall molar ratio of Sn:S is increased
resulting in Sn-rich quantum dots, the PL emission intensity is considerably improved by more
than three times. The higher the Sn content, the higher the degree of passivation of surface
atoms and dangling bonds quenching non-radiative charge recombination sites and thus
increasing the PL emission of the quantum dots. Also, in the sample composed of Sn-rich
quantum dots, the FWHM of the PL peaks is significantly narrower compared to the Sn-poor
samples as seen in Figure 5-18 (b). This result can be attributed to the narrower sizer-
distribution of the quantum dots in the sample. These observations suggest that not only the
amount of PVP stabiliser is vital for achieving optimum surface passivation of the quantum

dots but so is the careful consideration of the molar ratios of the reactant species.

(a) (b)
40 T T T T T T 100 T T T T T T
—=— 0.5:1 =—0.5:1
35 3 %7 o —
—A—1:0.5
90 o Ll ]
30 4 ] i\ )
- ERR 3
=] ~
3251 b c \ \
> E 80 a) S 3
@ 20 E S
8 I 751 \o 3
E 5] ] = % Ne—e o—
z 70 4 A " =8 ]
10 ] 65 4 \A\A ]
—
5 B 60 4 \A ]
\A
0 T T T T T T 55 T T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Reaction time (min) Reaction time (min)

Figure 5- 18. Summary plots of the progression of the PL emission properties in PVP-capped
SnS CQDs at different precursor concentrations (Sn:S) comparing the (a) PL emission
intensity versus (b) FWHM of the PL peaks. The data points are acquired from the highest
intensity PL peaks at each reaction time with an excitation wavelength of 470 nm.
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5.3.4.3 Fine tuning of Sn:S molar ratios

Figure 5-18 shows that Sn-rich reaction conditions with Sn: S= 1:0.5 molar ratios result in
quantum dots with enhanced PL emission features and a narrower size-distribution. In addition
to the previous precursor concentration findings, further investigation of the precursors’ molar
ratios at 140°C at different reaction times will be examined. In this study, 1 will perform fine
tuning of the Sn-based precursor with respect to S (xSn: 1S) concentration keeping overall Sn-

rich reaction conditions.

5.3.4.3.1 Effect on emission properties

The summary graph in Figure 5-19 (a) shows a systematic increase in the PL emission intensity
of the quantum dots with increasing Sn concentration, which is in good accordance with the
PL data recorded from the initial precursor concentration studies (refer to Figure 5-18 (a)). The
results imply that the high Sn content within the crystal structure of the quantum dots improves
the surface stabilisation as a source of Sn passivation ions. The higher the Sn concentration,
the greater the degree of surface passivation in SnS boosting the PL emission. However,
increasing the molar ratio of the Sn precursor more than two times with respect to the S
precursor shows a decrease in the PL emission properties of the quantum dots (Sn: S= 4).
Therefore, the obtained PL results indicate that there is an optimum precursor molar ratio of
Sn: S= 2 required in the synthesis of PVP-capped SnS CQDs in order to obtain a full surface
coverage of the quantum dots resulting in high-intensity PL emission and a narrowed size-

distribution (FWHM= 57 nm).
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Figure 5- 19. Summary plots of the PL emission changes in PVP-capped SnS CQDs synthesised
by tuning the molar ratios of the reacting precursors (Sn:S) synthesised at 140°C with
reactions times between 10 and 120 minutes. The (a) PL emission intensity and (b) FWHM
of the highest intensity PL peaks at each concentration and reaction time were compared.

5.3.4.3.2 TEM analysis

Figure 5-20 represents HRTEM micrographs of individual SnS/PVP CQDs with distinctive
interplanar distances. Regardless of their small average sizes (< 5 nm), the quantum dots are
highly crystalline. Figure 5-20 (c, f, i) show HRTEM reconstruction images, which provide
greater precision for measuring the interplanar distances (d-spacing) in each quantum dot. The
d-spacing values of d= 0.40 nm measured in all three quantum dots closely match the standard
d= 0.4035 nm for lattice plane (110) of the orthorhombic (Pbnm) phase of SnS. Also, a close
examination of the individual quantum dots reveals their highly-ordered crystal atoms and
absence of defects due to dislocations or twinning effects.

Furthermore, the performed EDX analysis on a larger area containing multiple quantum dots
revealed the stoichiometric balance between the constituent elements (Sn: S= 1:1) summarised
in Table 5-3. This observation suggests that the surface of the quantum dots is well-passivated
resulting in less non-radiative recombination sites at the surface vacancies (trap states). TEM
and EDX data as seen in Figure 5-21 further support the PL results from the summary plots in
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Figure 5-19 indicating an optimised surface coverage resulting in improved PL emission

properties and narrowed size-distribution features of SnS/PVP CQDs.

110 120

120 110

Figure 5- 20. TEM micrographs of SnS CQDs encapsulated with PVP 55 used at 10 % w/v
and precursors’ molar ratio of Sn: S= 2 synthesised at 140° C. (g) Low (a, d, h) and HRTEM
micrographs of single CQDs with clear lattice fringes. (c, f, j) FFT patterns and (b, e, i)
HRTEM reconstruction images generated from the FFT patterns.
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Figure 5- 21. An EDS map of PVP/SnS CQDs synthesised at 140° C.
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Table 5- 3. The average elemental composition of PVP-capped SnS CQDs, as shown in Figure
5-20.

SK 18.63 47.89
SnL 81.37 52.18
Atomic Ratio

Totals 100.00 Sn:S=1:1

5.3.4.3.3 XPS analysis

Analogous to the TEM analysis in Figure 5-20, XPS measurements of the quantum dots were
further carried out to prove the formation of SnS. The 3ds2 and 3ds2 peaks for Sn-3ds have
binding energies of 486.7 eV and 494.9 eV, respectively as seen in Figure 5-22 (a), which
confirm the presence of Sn?* oxidation state in the quantum dots.(183) In addition, the S 2p
absorption peak at 161.5 eV is consistent with the literature values of S (divalent S ion) as
seen in Figure 5-22 (b).(184) The obtained binding energies of the electronic states (3d) of Sn
and S together with the crystal lattice measurements from TEM (see Figure 5-20) and the

elemental composition analysis (refer to Figure 5-21) all confirm the formation of SnS.
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Figure 5- 22. XPS spectra of PVP-capped SnS CQDs. Samples were stored in air for a month
before measurement.

5.3.4.3.4 Time-resolved uPL analysis (TRPL) as a function of reaction time

Time-resolved photoluminescence (TRPL) measurements of PVP-capped SnS CQDs
synthesised with Sn: S= 2 and growing times ranging from 30 min to 120 min as a result of
improved emission properties (as seen in Figure 5-19) at PL emission wavelength of 490 nm
were carried. Figure 5-23 (b) shows a gradual increase in the PL lifetime from 2.8 ns (40 min
aliquot) to 3.0 ns (90-120 min aliquots). The small changes in the PL lifetimes at early reaction
stages could be related to surface rearrangements and size-focusing processes of the quantum
dots as a function of growing time. This observation can be supported by the greater size-
distribution of quantum dots measured from the FWHM of the PL emission peaks between 30
and 60 minutes of reaction time. A constant PL lifetime of 3.0 ns is reached as the reaction
proceeds to completion (refer to Figure 5-19 (b)). Also, the fast exciton recombination suggests
a well-passivated surface with a small number of defect sites for non-radiative charge

recombination processes.
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Figure 5- 23. (a) TRPL lifetime spectra of PVP-capped SnS CQDs with a precursor molar ratio
of Sn: S= 2 using. The sample was illuminated with an excitation wavelength of 430 nm
measuring the PL lifetime at 490 nm PL emission at reaction times ranging from 30 to 120
minutes. (b) Changes in the PL lifetimes of CQDs as a function of growing time obtained from
the fitted PL decay curves in (a).

5.3.4.4 Wavelength-dependent photoluminescence measurements

5.3.4.4.1 Time-resolved micro-photoluminescence (TRPL) analysis

In addition to the time-resolved pPL measurements performed at an emission wavelength of
490 nm as seen in Figure 5-23 (a), wavelength-dependent TRPL analysis was carried on
SnS/PVP CQDs synthesised at 120 minutes (140° C) to study related size-dependent
characteristics of the quantum dots at emission wavelengths ranging from 430 nm to 570 nm
(in 20 nm increments) as seen in Figure 5-24 (a). The PL lifetime of the quantum dots appears
constant (~ 3.0 ns) regardless of the red-shift in the PL emission wavelength (from 490 nm to
570 nm), which suggests that the PL emission in that range does not possess size-dependent
characteristics and belongs to a single population of quantum dots with similar or identical
absorption/emission profiles. However, the faster PL lifetimes acquired at 450 nm and 470 nm
could be related to the PL emission of PVP with a PL bright point at 430 nm (Aex= 350 nm) and
lower intensity PL emission peak at 450 nm (Aex= 400 nm) as seen from the 3D PL spectra in
Figure 5-9 (a) (refer to section 5.3.2.4.1). The precise tuning of Sn:S molar ratios resulted in
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the fabrication of well-passivated quantum dots with good control over their morphology and
size-distribution, factors that all contribute to their bright PL emission and fast radiative charge

recombination lifetimes.
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Figure 5- 24. (a) Wavelength-dependent TRPL decay curves of SnS/PVP CQDs (Sn: S= 2)
synthesised at a reaction time of 120 minutes. An excitation wavelength of 430 nm was used
to record the PL lifetime at various PL emission wavelengths ranging from 450 nm to 570
nm (with 20 nm increments). (b) Corresponding PL lifetimes from the fitted PL decay curves

in (a).

5.4 Conclusions

In conclusion, a surface passivation method for the stabilisation of SnS CQDs applying PVP
as an alternative capping agent has been developed. With the fine control of tuning the
precursor molar ratios, reaction temperature and reaction times, high-quality PVP-encapsulated
SnS CQDs with optimised surface stability were synthesised. TEM results reveal the crystalline
nature of the quantum dots composed of a single crystal phase. The effectiveness of the surface
passivation of SnS by the organic PVP shell was revealed by the high intensity of the PL
emission as well as the narrowed line width of the PL peaks. Also, PL decay lifetime

measurements further confirmed the good surface stability of the quantum dots showing fast
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radiative PL lifetimes of ~ 3 ns, which indicates a reduction in the concentration of non-

radiative charge recombination sites.
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Chapter 6 SnS CQDs for Biofilm and Bioimaging
applications

6.1 Introduction

Bioimaging labeling and sensing is a conventional and fast developing methodology used for
bioanalysis.(185) These techniques are of great interest to the science community due to their
high sensitivity,(186) fast acquisition times and responses as a result of the fluorescence
lifetimes of the materials and versatility.(187) The most substantial requirements for a

fluorescence material with optimum features are brightness and stability.

Many different materials such as complex organic dyes,(188) fluorescent proteins (189) and
fluorescent nanoparticles have been explored and developed for various bioimaging
applications in the past years due to their high photoluminescence quantum yields (PLQYS),
relative stability and tunable sizes. The most prominent and established bioimaging label
materials nowadays are the organic dyes and fluorescent proteins considering their commercial
availability, water solubility, and small sizes. However, serious concerns in the use of these
materials have been addressed due to their potential toxicity and carcinogenetic effects they
might have on live organisms. Together with the poor photochemical stability and
photobleaching characteristics of these materials, their relatively short lifetimes and narrow
excitation range significantly hinder their optimum performance for life science
applications.(190)(191) The requirement for more sensitive instrumentation and highly
biocompatible materials has led researchers to the development of significantly improved

imaging species and analytical instrumentations.

In response to the addressed drawbacks found in the current labeling agents, a new class of

fluorescent nanomaterials has been highly researched. Interest in semiconductor nanomaterials
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such as semiconductor quantum dots (QDs) as a new generation of bioimaging agents has been
studied. This class of semiconductor nanomaterials is highly promising and capable of
overcoming the present limitations found in the established bioimaging systems.(192)(193) The
most recent advances in the bioimaging research using ultra-small inorganic nanomaterials

(194) are summarised in Table 6-1.

When studying the biocompatibility of QDs two main requirements have to be considered such
as the solubility and limited toxicity to living systems and cells. For example, the component
elements of metal NCs are more earth-abundant compared to QD materials described in the
table below. However, the lack of easy functionalization and fluorescence tunability makes
those materials less attractive as bioimaging agents. Also, the development of complex
synthetic procedures for the fabrication of Si NPs hinders the control over the reaction

conditions and thus resulting in low QYs and lack of fluorescence tunability.

Table 6- 1. Fluorescent inorganic quantum dots for bioimaging applications. (Reprinted
from reference 181).

CdSe, CdTe, InP, .
Solvothermal and Tuneable size and
CulnS2 , CulnSe2 . . Fluorescent labels and
QDs R hydrothermal <10 fluorescence, high QY and Toxicity
, and their . sensors
methods relatively stable
corefshell
Reduction of metal .
Au. Ae. Cu Pt I tching of Ult sl " Sensitive fluorescence, Imaging of cells and
u, Ag, Cu, Pt, salts or etching o ra-small size, easi e o .
Metal NPs : & <2 i difficult for modification tissues
Pd large metal taken up and excreted . o
- and functionalization Sensors
nanoparticles
Solvothermal and Instability and unclearness
Carbon Tunable fluorescence, v Fluorescent biomarkers
) C-dots, GQDs hydrothermal <10 i o of the fluorescence
materials excellent biocompatibility K and sensors
methods mechanism
Yb3+/Ln3+- Low background, large
/ Solvothermal and R g . B . . i
doped NaYF4, anti-Stokes shifts, sharp . . Multimodal imaging
UCNs . hydrothermal >10 e N o Low QY, potential toxicity .
GdYF4 and their emission, high stability, agents and drug carriers
methods K
core/fshell deep penetration
Etching annealed . .
K X . . Laborious synthesis, low . .
. . Si0,, reduction of Small size, ultrahigh e Long-term imaging and
Si NP Si i . <5 . Qy, difficult to tune .
SiCl,, and reaction of stability i labelling
uorescence
Na,Si, with NH,Br
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6.2 Current materials

Despite the promising achievements in the synthesis and surface optimisation of QD materials,
the toxicity of cadmium and lead (in CdTe, CdSe, CdS and PbSe, respectively) and the rareness
of indium and tellurium (in CIGS, InAs and CdTe, respectively) lead to serious concerns about
the production and bioimaging application of these materials.(195) The toxicity nature of Cd-
based QDs is related to the degree of surface oxidation in those materials, leading to the free
delivery of cadmium into the biological system. Surface passivation and types of surfactants
used in the synthesis of QDs all play a cricial role in determining the cytotoxicity of the

bioanalytical agents.

Derfus et al. investigated the effect of QDs on hepatic cells found in the liver as being the
primary site for cells damage and QD accumulation.(196) Their observations revealed the
increased oxidation of the Cd-based QDs as a function of either prolonged exposure to air
before solubilization and cell incubation or UV light irradiation causing surface degradation of
the QDs. In both cases, the QDs have been found to be inefficient in contact with the cells due
to poor surface passivation and low photostability. Kirchner et al. reported the degradation of
both CdSe core and CdSe/ZnS core/shell NPs when exposed to mercaptoacetic acid solutions
during solubilization regardless of shell passivation. The release of Cd* ions caused cell
death.(197) The cytotoxicity drawback of the current CdSe and CdS QDs could be further
improved and eliminated by overcoating the original core material with additional surface

coatings.
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6.3 Passivation strategies

6.3.1 Core/shell

The most common protection for semiconductor nanomaterials involves surface modification
of the core material. In the coating procedure, a thin layer of a second semiconductor material
is grown on the surface of the QD.(198) Depending on the precursor's concentrations and the
rate at which the reagents are added to the crude core solution, the number of shell monolayers
and overall shell thickness could be controlled and consequently tuned promoting
homogeneous shell growth. Growing a ZnS semiconductor shell around CdSe QDs could
significantly reduce the surface oxidation of the CdSe core QDs and potential toxicity effects
on living organisms due to cadmium release. However, shell materials are also prone to

oxidation and degradation similar to core QDs.(199)

6.3.2 Silica shells

Silica surface coatings offer an alternative approach to QD functionalization for live cell
imaging applications. The extensive siloxane polymer network of silica shells adds additional
protection and stability to the QDs. This passivation strategy protects the core material from
oxidation effects of the surrounding environment and reducing the release of toxic core ions
and decreasing the overall toxicity of the material to living cells. Silica shell coatings tend to
form by replacing the hydrophobic groups or ligands on the QD surface.(200) An important
point to be added in support of silica-coated QDs is that the optical properties of the core

material can be preserved regardless of the overall size increase of the bare core quantum dot.
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6.3.3 Amphiphilic polymers

Amphiphilic polymers can be successfully utilized as favorable functional coatings in the
surface passivation of quantum dots. The main difference between the two organic polymers
arises from the encapsulation procedure used to passivate the quantum dots. Amphiphilic
polymers utilize the hydrophobic ligands on the QD surface as binding sites facilitating an
organic shell coating.(201) Polymer materials are utilized not only as good surface passivation
but also in solubilization techniques due to their various compositions and charges. Depending
on the composition and variety of functional groups present in the polymer, controlled
interactions between quantum dots and cells could be achieved. Ryman-Rasmussen et al.
presented skin penetration of polymer coated QDs during an overnight exposure. They found
that both PEG-coated (neutral) and PEG-amine-coated (cationic) QDs both penetrated the
surface of the skin and localized within the dermal and epidermal layers after 8 h of
exposure.(202) However, just adding more layers to quantum dots to eliminate cytotoxicity

and improve stability is not an optimum strategy for biological applications.

6.4 New materials

Carbon QDs (CQDs) have been reported to be the current most promising candidate for
bioimaging labeling and sensing applications due to low toxicity.(203) Table 6-2 summarises
various synthetic methods and features of CQDs from the literature and highlights essential
advantages and disadvantages in those systems. The advantages of CQDs compared to the
conventional QD materials such as small sizes, distinctive photoluminescence (PL) properties,
cost-effectiveness, and low-toxicity, are a combination of significantly essential requirements
from the ideal bioanalytical agent. The promising biocompatibility of CQDs could redirect

current research and gradually replace the established bioimaging materials. However, the
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relatively low brightness and photostability of CQDs are currently limiting their direct

utilization in bioimaging applications.(204)

required to meet the required features.

Table 6- 2. Current achievements in synthesis, properties, and applications of CQDs.

(Reprinted from reference 189).

Further work on the instability limitation is

Harsh conditions, drastic
Chemical ablation <10 Most accessible, various sources processes, multiple-steps, poor
control over sizes
Electrochemical Size and nanostructure are
. <2 Few small molecule precursors
carbonization controllable, stable, one-step
. Rapid, effective, surface states Low QY, poor control over sizes,
Laser ablation <10
tunable modification is needed
Microwave . .
) . Rapid, scalable, cost effective,
irradiation A .
eco-friendly Poor control over sizes
Hydrothermal/ >10 . . .
Cost effective, eco-friendly, non- Poor control over sizes
solvothermal .
toxic
treatment

6.5 Objectives

The primary objective of this study is to incorporate SnS CQDs and investigate their potential

biofilm and bioimaging applications on bacterial cells.

In the first part of this chapter, | will investigate two main hypotheses regarding the initiated
biofilm formation as a result of the physicochemical interactions between two types of SnS
CQDs with different surface fictionalizations and a medium containing Pseudomonas

fluorescens ATCC 13525 (P. fluorescence) bacterial strain:
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1) Effect of quantum dots’ surface chemistry
2) Effect of quantum dot’s toxicity
The two samples are abbreviated as SnS/L and PVP/SnS CQDs corresponding to ligand and

polymer SnS surface passivation, respectively.

In the second part, | will demonstrate the efficiency of SnS/L CQDs as a potential fluorescent
bioimaging material based on their excitation-dependent photoluminescence (PL) properties

discussed in chapter 4.

6.6 Characterisation of biofilms

There are several hypotheses based on similar bacterial-QD interactions discussed in the
literature explaining the origin of biofilm formation. The first hypothesis reveals that the
biofilm formation could be a surface-induced process dependent on the surface chemistry or
surface charge of the quantum dots concerning bacteria.(205) The second hypothesis suggests
that the biofilm formation could be a toxicity induced process causing an interrupted growth
of the bacterial cells altering their phenotype and thus resulting in the release of a polymeric
substance (EPS) to protect the microbial community.(206) Cell to cell signaling known as
guorum sensing is a process in which products or molecules are diffused from one cell and
entering another cell.(207) Since the intracellular distances are quite small, minor disruptions
to the regular cell growth by an external material could result in the transfer of bacterial

products altering the state of the neighboring cells.

6.6.1 Effect of surface chemistry on biofilm formation

In the first study, the as-synthesised hydrophobic SnS/L and hydrophilic SnS/PVP CQDs were

mixed with P. fluorescence culture medium. A small volume of the CQDs was added to the
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bacterial cells forming a 0.8 % (v/v) solution concentration in each sample. Following
overnight incubation (> 20 h) at 30° C, the changes to the cells were examined. Figure 6-1
illustrates an evident biofilm-like growth for the culture containing SnS/L CQDs (refer to
Figure 6-1 (c)) compared to the culture containing SnS/PVP CQDs in Figure 6-1 (b), which
shows no biofilm formation. These observations could be related to changes of the degree of
bacterial attachment to and growth on the surface of the quantum dots as a result of the type of
organic capping agent used for SnS surface passivation forming a biofilm. It appears that P.
fluorescence show a preferential attachment to hydrophobic surfaces resulting in a biofilm

formation as seen in Figure 6-1 (c).

Figure 6- 1. Bacterial suspensions of P. fluorescence incubated with (a) no CQDs (reference
sample), (b) 0.8 % (v/v) SnS/PVP and (c) 0.8 % (v/v) SnS/L CQDs for 20 hours.

Figure 6-2 provides a closer examination of the biofilm. The biofilm is observed to form on

the walls of the centrifuge tube and more specifically at the surface interface between the air
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and liquid medium. A uniform biofilm formation is observed in some parts of the walls, which
could be explained by the angle at which the centrifuge tube was swirled at a certain speed as
a mechanical agitation process during the overnight incubation. To gain a better understanding
of the morphology of the biofilm, the sample was further examined under a fluorescent

microscope and the results are presented in section 6.6.2.

Figure 6- 2. (a) Image of P. fluorescence bacterial cells incubated with 0.8 % (v/v) SnS/L
CQDs resulting in the initiation of biofilm formation. (b) The zoomed-in image is showing a
closer view of the biofilm region on the walls of the centrifuge tube.

6.6.2 Morphological studies of the biofilm

In this section, the biofilm sample is further studied using an optical and spinning disc confocal

microscope with a laser excitation wavelength of 488 nm. Figure 6-3 (a) presents a
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fluorescence microscope image clearly showing the high surface roughness of the biofilm
forming layers of bacteria and QDs. One interesting feature observed in the biofilm is the
rearrangement and assembly of the QDs within the biofilm. There are two main ways they
assemble: in the area where the resulting thickness of the biofilm is the highest (estimated by
eye), bubble-like spheres are seen from the fluorescence image in Figure 6-3 (b). The QDs tend
to assemble at the surface edge of the bubbles as well as around the bacteria showing high-
intensity green emission. An interesting point to be addressed here is that the bacteria were still
alive and moving within the biofilm voids and throughout the entire biofilm regardless of its
thickness, which could support my hypothesis of the lower to no toxicity of SnS/L CQDs.
Furthermore, in the area where the surface of the biofilm appears to be thinner and smoother,
composed of a thin biofilm layer, the QDs are well-dispersed and surrounding the bacteria.
These findings could improve my understanding of the interaction between the bacterial cells
and SnS/L CQDs and the consequent biofilm formation. Since the bacteria is still alive after an
overnight incubation with the NPs, this might suggest that the formation of the biofilm is not
due to the toxicity of the QDs changing their surface properties. In order to further explore the
toxicity hypothesis, multiple concentration studies of SnS/L CQDs will be studied in the next

section in order to understand and assign the origin of the biofilm formation.
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Figure 6- 3. (a) High-resolution fluorescence images of P. fluorescence cells incubated with
0.8 % (v/v) SnS/L CQDs for 20 hours imaged under (b) fluorescence (FL), (c) bright field and
(d) merged mode with an optical or confocal microscope.

6.6.3 Toxicity test

6.6.3.1 Growth assay

To reveal whether the biofilm formation was induced by the toxicity of the quantum dots, the
effect of different concentrations was studied by adding 0.3-20 % (v/v) of SnS/L CQDs to
bacterial cultures of P. fluorescens prepared in a 96-well plate and growth was monitored over
24 h. Figure 6-4 illustrates the growth curve of P. fluorescens bacterial strain, showing optical
density changes as a function of the bacterial population over time. No significant impact on
the bacterial growth is observed with different dosages of SnS/L CQDs comparing to the

control, which was not exposed to the quantum dots. However, the overall trend shows a
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relatively high consistency throughout the growing stages of the bacteria regardless of the QDs’
concentration compared to the control growing curve of P. fluorescens. The observed findings
confirm that the QDs are of no observable toxicity on the reproduction of P. fluorescens
bacterial cells even at high loadings. The identified phenomenon in Figure 6-4 together with
the obtained results from the surface chemistry study of SnS/L and SnS/PVP CQDs as seen in
Figure 6-1 suggest that the biofilm formation is a non-toxicity induced process. However, it is
initiated by the hydrophobic nature of the quantum dots acting as a preferential surface for

bacterial cell adherence causing no apparent changes to the cell surface.
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Figure 6- 4. Growth curve of P. fluorescence bacterial cells incubated with different dosages
of SnS/L CQDs for 5 hours showing smooth growing conditions regardless of the quantum
dots concentration.
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6.7 Lambda scans of SnS CQDs

Lambda scan spectra were collected as a series of individual images within a wavelength range
from 420 nm to 760 nm by collecting light every 10 nm in order to characterise the fluorescence
emission features of SnS/L CQDs in the presence of bacteria when excited at 405 nm, 488 nm,
and 561 nm. Data analysis was processed by measuring the fluorescence intensity of the QDs
at each 10 nm collection band. Figure 6-5 displays changes in the intensity of the emission
characteristics of SnS/L CQDs excited at 405 nm (blue laser), 488 nm (green laser) and 561
nm (red laser). The lambda scan spectra reveal four emission peaks in the visible region of the
spectrum with bright point emission wavelengths at 470 nm, 530 nm, 610 nm, and 660 nm.
The obtained lambda scan results support that data from the 3D PL measurement in Figure 4-
8 (g, h) (refer to section 4.3.1.1.2 in chapter 4) confirming the same peak emission wavelengths
from SnS/L CQDs. It is important to be noted that the fluorescence properties of P. fluorescens,
which emit light in the near-visible region of the electromagnetic spectrum, do not influence
the interpretation of the emission properties of the QDs.(208) These observations suggest that
the presence of the bacteria did not alter the emission wavelengths of the QDs confirming their
stability with prolonged exposure to live cells and thus making SnS/L a suitable candidate for

bioimaging applications.
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Figure 6- 5. Lambda scan spectra of the fluorescence intensity of SnS/L CQDs measured by
collecting light in 10 nm bands from 420 nm-600 nm, 490 nm-690 nm and 570 nm-760 nm
at 405 nm, 488 nm and 561 nm excitation wavelengths, respectively.

6.8 Bioimaging of bacterial cells

Figure 6-6 presents confocal fluorescence images of SnS/L CQDs (0.8 % (v/v)) incubated with
P. fluorescens recorded at regions with different biofilm thickness. The intense blue, green and
red fluorescence were obtained at excitation wavelengths at 405 nm, 488 nm, and 561 nm,
respectively revealing the size-dependent emission characteristics of the quantum dots together
with their imaging potential. The images illustrate that SnS/L CQDs are well-distributed within
the biofilm showing higher emission intensities at regions of thicker biofilm formation. An
important point to be addressed is that the QDs show no photobleaching properties even at
prolonged excitation times, which is a common phenomenon observed in fluorescence dyes
due to photochemical alterations of the organic molecules and their limited number of

excitation cycles.

174



FL405nm FL488 nm FL561nm BF Merged

Figure 6- 6. High-resolution fluorescence images of P. fluorescence biofilms formed in the
presence of SnS/L CQDs after 20 hours of incubation imaged under (a, b, c) fluorescence (FL)
and (d) bright field mode with a confocal microscope excited at 405 nm (blue), 488 nm
(green) and 561 nm (red) laser wavelengths. Images were acquired at biofilm regions of
different thickness and adjusted for display purposes.

6.9 Conclusions

In conclusion, the exposure of bacterial suspensions of P. fluorescens to SnS/L CQDs induced
biofilm formation with quantum dots surrounding the bacterial cells. By comparing the effect
of quantum dots’ surface passivation from samples containing SnS/L and SnS/PVP it was
revealed that P. fluorescens possess a preferential adherence towards hydrophobic surfaces

compared to hydrophilic surfaces, which was found to be in the origin of the biofilm formation.

175



Furthermore, the data analysis of the growth-based assay in Figure 6-4 and the excitation-
dependent emission properties of the quantum dots reveal that SnS/L CQDs can be successfully
applied in bioimaging analysis of prokaryotes (bacterial cells) due to their excellent
biocompatibility resulting in no toxicity-related division alterations in the bacterial cell

community.
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Chapter 7 Conclusions and future work

7.1 Conclusions

SnS CQDs is a promising candidate capable of overcoming the present toxicity limitations
found in some of the highly researched semiconductor nanocrystals for biological labeling and
imaging applications. The present work in this thesis describes optimised synthetic methods
for tuning the optoelectronic properties of SnS resulting in highly fluorescent CQDs with novel
size-dependent, multi-colour visible emission properties that have not been reported in the
literature before. The observed drawback of SnS CQDs due to their excitation-dependent PL
emission features is shown to be turned into their advantage. The key contributions and

advances in this thesis are:

1) The use of a low-reactivity S precursor can tune the reaction mechanism by slowing down
the rate of nucleation and growth of the quantum dots due to the slower formation of small
nuclei used as templates in the crystal growth resulting in quantum dots with excitation-
dependent PL emission characteristics covering the whole visible region of the electromagnetic
spectrum.

2) The origin of the excitation-dependent PL emission of SnS CQDs is both size- and
composition-related phenomenon. Small changes in the composition (Sn:S) result in different
sizes of quantum dots with close absorption and emission profiles. For example, decrease in
the atomic ratio of Sn to S ions results in the formation of quantum dots with bigger sizes as
revealed by STEM/EDS analysis performed on multiple single CQDs as a statistical study.
Mean particle sizes with aspect ratios between 2 nm and 3 nm and atomic ratios of Snto S

between 9:1 and 0.7:1 are attained.

177



3) In addition, time-resolved pPL measurements reveal size-dependent PL lifetime properties
as a function of emission wavelength with a gradual increase from 2.2 ns (Aex= 400 nm, Aem=
410 nm) to 4.7 ns (Aex= 400 nm, Aem = 550 nm) with 20 nm increments. PL lifetimes reveal fast
charge recombination rates suggesting good surface passivation with less non-radiative charge

trap centres.

4) For the first time, SnS CQDs are shown to exhibit size-dependent PL emission properties as

a function of size and composition tuning (stoichiometry changes in the atomic ratio of Sn:S).

5) An alternative surface passivation method by replacing the long chain organic ligands with
an organic PVP polymer is exploited. With the fine control of tuning the precursor molar ratios
(Sn:S), reaction temperature and reaction times, high-quality PVP-encapsulated SnS CQDs
with bright PL emission and narrowed size-distribution features (FWHM= 57 nm) are
achieved. Furthermore, fast PL decay lifetimes of ~ 3 ns indicate a reduction in the number of

non-radiative charge trap states implying good surface stability of the quantum dots.

6) The multi-colour emission properties of SnS CQDs can provide a simultaneous bioimaging
analysis with different emission colours in the visible spectrum as promising cell imaging
nanoprobes. Lambda scan measurements reveal bright point emission in SnS CQDs at Aem=
470 nm, 530 nm, and 660 nm. Also, the quantum dots show no photobleaching characteristics

during the cell imaging, which is a common phenomenon in conventional organic dye probes.

7) Furthermore, bacterial cell incubation with SnS CQDs reveal no changes to the bacterial
growth curve showing no alterations to the bacterial cell community of P. fluorescens over

time revealing their non-toxic nature.
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It has been shown that the high polydispersity nature of SnS CQDs containing various
distributions of quantum dot sizes with size-dependent emission properties has been
successfully utilised in bioimaging. Potential optoelectronic and photovoltaic applications can

be considered.

7.2 Future work

1) Study the effect of different halide precursors on the rate of nucleation and growth kinetics

and the overall surface passivation of the quantum dots.

2) Further improvements on the PL emission properties of ligand-stabilised SnS CQDs can be

attempted by forming a core/shell structure.

3) Perform a biofilm quantification assessment performing a 96-well plate experiment using

crystal violet as commonly used for staining grown biofilms on the walls of the wells.

4) Additional work can be performed in order to study the dynamics of the biofilm formation
overtime by performing an in-situ live cell imaging under culturing conditions, which can

provide precise information for determining the optimum growing parameters of the biofilm.

5) Consider the incorporation of SnS CQDs at different concentrations into human cells with

the aim of studying their cytotoxicity.

6) Transform SnS into functionalized CQDs and apply them in various biomedical

applications.
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