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Abstract

Fluorescent silicon nanoclusters were produced via a novel liquid jet method (using water
or alcohols). The jet initially passes through a plume of atomized silicon in vacuum. The silicon
atoms are captured in the jet, which then agglomerate to nanoclusters, and are ultimately deposited
on a cold trap. In this method, several millilitres of sample can be produced in only a few minutes.

AFM measurements show the nanoclusters produced have a size of ~1 nm. Samples can
be produced in different solvents such as water, ethanol, and isopropanol. Fluorescence emission
spectra showed two different fluorescence peaks at 310 nm and 365 - 440 nm; the former is
constant, but the latter’s wavelength is highly dependent on the solvent used. This strong solvent
sensitivity showed that fluorescence originated from an electronic state localized on the cluster
surface.

Measurements over long time periods prove these fluorescent particles are chemically and
optically stable in solution over several years without further [chemical] stabilization. Samples of
silicon deposited in water jets showed a fluorescence quantum yield of 8 - 10% three years after
production.

Solvent exchange shows the wavelength of fluorescent peaks not only depends on the
chemical reactions of silicon particles on/in the liquid jet during nanocluster growth, but also in
the solvents in which the nanoclusters were solvated. Solvent transfer experiments show
fluorescence peaks shift depending on solvent in a reversible manner. A sample transferred to a
specific solvent is equivalent to a sample directly deposited in that solvent.

Nanocluster fluorescence lifetime measurements show decay times of a few nanoseconds
(between 3.7 to 5.6 ns) that depend on the solvent; Si-water samples have shorter lifetimes with
respect to alcoholic samples.

Film samples produced by evaporating the solvent show the first and second fluorescence
peaks at ~300 - 310 nm and at 420 - 440 nm, respectively. Film samples present longer
fluorescence lifetimes and higher fluorescence intensities than liquid samples. Changing the
temperature shows the particles have a shorter fluorescence lifetime at higher temperatures and
fluorescence intensity decreases with increasing temperature.

Chemical analysis of nanoparticles using XPS and ATR revealed that practically all the
silicon was oxidized, and clusters produced in water are in the highest oxidation states. Also, the
number of silicon particles which interact with the solvent is greater in water than in alcohols.
Infrared absorption bands were attributed to SiOH, SiH, SiO, SiO;and SiOy, (x > 2) species. The
solvent exchange experiments suggest that several stable forms of silicon nanoclusters in different
oxidation states exist in solution. These can be interchanged by reversible reduction and oxidation
depending on the solvent. Our observations suggest that an intrinsically stable form of silicon
nanocluster in water exists, and that the deep-blue fluorescence we observed emerges from
oxygen-rich states.
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Chapter 1

Introduction

1.1 Application of fluorescent silicon nanoparticles

Our aim in this project is the production and investigation of fluorescent
nanostructures composed of silicon. Fluorescent silicon nanoclusters are of considerable
scientific interest, both as means of studying the fundamental properties of silicon, one of
the most important technological materials of our age, and for their possible applications.
Luminescent nanoclusters of silicon, oxidised silicon and silicon dioxide are interesting
topics in fundamental and in applied research, and have applications in optoelectronic
devices [1] and lasers [2]; silicon is the de-facto standard in electronics, fluorescent
silicon and silicon dioxide have the potential to be integrated in high-performance
integrated circuits with existing material standards in microelectronics [3]. Performance
of [integrated] electronic chips would be enhanced in the future by technologies such as
use of optical signal transmission, as with standard technology the longer
interconnections cause considerable losses in speed. Applied research on nanoparticles in
the field of microelectronics has developed considerably, but still is not a reality.
Variability of the nanoparticles’ size and size-dependent properties have a wide range of
applications in medical diagnostics and therapy [4]. Silicon nanoparticles have also been
suggested for biolabelling [5, 6] and sensors (biosensing) [7-10], because of their
expected suitable (that is, high) biotolerance [11]; their - presumably - non-toxicity gives
an considerable advantage over other light emitting materials, which tend to have
potentially serious implications for health were they deployed in vivo. Nanoparticles in
solution are particularly interesting due to their potential applications in medical and
biological imaging and diagnostic labelling [12], since a requirement for applications in

biomedicine is stability in an aqueous environment. Recently, blue light emission has
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been reported for silicon nanoparticles in water, produced by various methods [13-18],
some of which show exceptional long-term fluorescence stability [19, 20].

In all examples of applications, the production method is very important and can be
reflected in the final fluorescence properties of the product. This is due to minor variation
during production, which can have a bearing on the molecular properties - and, therefore,
usage - of the product. All these methods are good and useful but still it is challenging to
achieve a stability fit for, say, medical purposes. Therefore, any new research into the

fabrication method is interesting in itself.

1.2 A brief history of silicon nanoparticles research

The history of nanoparticle research dates back to the late 1960's and early 1970's.
Special attention is given to the years between 1970 and the early 1980's because this
period represents the initial growth of nanoparticle development. Further progresses
focused on especially interesting improvements, such as nanoparticles for drugs delivery
across the blood-brain barrier (BBB) and PEGylated nanoparticles with a prolonged
blood circulation time. Using silicon as a fluorescent source was not the first choice,
because bulk silicon does not fluoresce efficiently. Since finding light emission from
porous silicon at room temperature two decades ago, creation of devices such as silicon-
based fluorescence emitting diodes [21] and lasers [22] had shown a great deal of
successful development, and many scientific groups reported a large variety of types of
photoluminescent silicon, including nanowires, nanotubes [23-29] Si/SiO layers, Si/SIOH
sandwiches, and core-shell systems [30-32]. There are also many reports in the literature
on silicon clusters produced by laser photolysis [33, 34], or by implantation of silicon
ions in silica glass [35, 36]. Also, fluorescent silicon quantum dots in liquid phase have
been studied [13, 14, 37].

1.3 Silicon nanoparticles

Nanoparticles often have size-related properties that are different from those

observed in bulk materials. Bulk materials have ‘constant’ properties which are not size-
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dependent; however, the properties of materials will change when their size approaches
the nanoscale, and the number of atoms at the surface of such materials becomes

important to any such consideration.

Nanoparticles are very interesting to science because they are a bridge between bulk
materials and atomic or molecular structures. At the beginning of the 1990s, Canham [38]
discovered a relatively intense visible light emission in porous, nanosize silicon. Bulk
silicon is an indirect band gap semiconductor; a band structure in which it is not possible
for the electron to be transferred from the conduction band to the valance band without a
change in momentum, so it is a forbidden transition. Therefore, recombination of electron
and hole occurs when energy is converted into a phonon, which is only accompanied by
low intensity emission. When microscopic silicon’s bulk size is reduced, at a size of a
few nanometers a point is reached where the nanosized silicon is a semiconductor with a
direct band gap. So, recombination of electron and hole does not have any effect on
momentum, and recombination results in an allowed fluorescence transition (Figure 1-1).
Photon emission in bulk silicon is inefficient because of its indirect band gap, but silicon
nanoclusters between 1-3 nm in diameter show intense luminescence at visible
wavelengths and at room temperature [39]. The quantum size effects and therefore the

enlargement of the band gap of small clusters can lead to this novel luminescent property.

Bulk crystalline silicon is eminent in microelectronics for its low fluorescence
efficiency because of its indirect band gap. To overcome this limitation, many and various
methods have been used to produce different forms of silicon structures, such as porous
silicon [38, 40, 41], silicon nanoparticles [35, 42], lanthanide-doped silicon [3, 43, 44]
and silicon nanowires [23]. The procedure, which leads to light emission from materials
with an indirect band gap in the bulk, is very interesting both from a fundamental science
point of view, and also in applications [45, 46]. A prerequisite for applications of
nanoparticles is a thorough understanding of both pure nanoparticles, and of nanoparticles

in contact with, or in situ in, an environment.

Bulk materials are usually characterized by properties such as structure or chemical
composition, but nanoscale materials are characterized by an extra dimension, their size,
so the properties of materials will change when their size approaches the nanoscale. One
reason for this is the increasing number of atoms at the surface, relative to the bulk atoms,
when the size of nanoparticles decreases. Another reason for the distinct properties of

nanoparticles is their reduced dimensionality. Atomic clusters are a fascinating state of
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matter with unique properties and many potential applications [47-50]. With decreasing
size, clusters exhibit an increasing volume fraction of atoms on the surface, giving rise to
specific thermodynamic [51], photochemical [52] and catalytic [53] properties and,
indeed, surface site-specific effects have been identified for electronic excitations [54-
57]. The novel properties of nanoclusters originate from the high surface-to-volume ratio
of the clusters and the quantum confinement effects [58] due to their small size. As a large
fraction of nanoclusters component atoms reside on the surface, they should be sensitive
to their environment. For example, a silicon cluster with 1000 atoms has approximately
25% of its atoms at its surface (whilst this is the equivalent of 0.0001% for 1 mm?® bulk
silicon), so surface properties are very important on the nanoscale. The high density of
‘dangling’ [59, 60] bonds at silicon nanocluster surface increases the reactivity of clusters
compared with bulk silicon. Highly reactive silicon clusters are easily oxidised when
exposed to the atmosphere, or can recombine with impurities. Clearly, this will change
the optical and chemical properties, and may cause, for instant, non-radiative
recombination in the end product, rather than allowing observation of fluorescence [61].

So, to produce a stable fluorescent silicon nanocluster, [surface] passivation is necessary.

Direct semiconductor: Indirect semiconductor:
band maxima and minima band maxima and minima
on top of each other shifted with respect to k

Un-occupied Ievels

Valence band

wﬁtlor\y N /
<— High density of states
y

Occupied levels
Emission pathway identical to excitation Fluorescence requires absorption of the proper wave vector

=> high fluorescence vield =>relatively unlikely => low fluorescence yield

Figure 1-1. The conversion of an indirect band gap of silicon to a quasi-direct band gap
by reducing cluster size.
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1.4 Development of production methods

Although bulk silicon emits inefficient, fluorescence from silicon nanoclusters is
achievable by a variety of different production methods [41, 62, 63]. The ability to
produce chemically stable nanoscale particles with specific size, shape, composition and
optical and chemical properties is a challenge in nanotechnology research. Molecular
beam machines produce silicon clusters which show direct band gaps. The molecular
beam technique used for producing luminescent silicon particles has many advantages.
Molecular beams can produce nanoparticles in a wide range of tuneable size distributions
[64-67], allow for in situ investigation of particles in the beam itself [68, 69], or the cluster
can be co-doped in vacuum by a pick-up process [70] or by co-deposition with another
gas onto a cold substrate [71, 72]. They can produce free silicon clusters in the range of
a few atoms [33, 66, 69, 73-75], but a major requirement to achieve fluorescence from
silicon clusters is an appropriate passivation of the cluster surface [76], as pure free silicon
clusters have dangling bonds which efficiently quench fluorescence through their
chemical reactivity [17]. In various methods, cluster sources were used, but which also
show passivation problems [77, 78]. There are also many chemical methods like etching
but, again, all of these show a similarly poor passivation. Recently, the production of
stable, deep blue-emitting silicon nanoparticles has been reported, which uses a chemical
route to stabilize the particles [79]. Table 1-1 shows a few examples of blue-fluorescent

silicon particle production from the literature.
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Table 1-1. Blue-fluorescent silicon species produced via different experimental methods.

Wavelength | Species Fluorescence Method Reference
(nm) assignment
330 Porous silica Si-OH sol-gel [80]
370 Si oxide SiO3 high temperature [81]
reaction and anodization
(alkali-treated Si
and anodized Si in a NaOH
solution)
430-480, oxidized porous | SiO> anodic etching [82]
650-800 silicon of silicon wafer in ethanol:HF
mixture
~460 Silicon oxidized silicon | electrochemical [83]
nanocrystal nanocrystals etching of a monocrystalline
Si wafer
in a solution comprising
hydrofluoric acid, ethanol
and H.0,
460 SiNPs Silicon growth under microwave | [79]
nanoparticles irradiation, by using
hydrophilic molecules
trimethoxysilane,
(CeHﬂNOsSi), as silicon
source.
270-295, porous  silicon | silicon/silicon PSi and OPSi layers were | [84]
330-350, porous glass oxide prepared from silicon wafers,
410, 450 (oxidized by electrochemical
porous silicon) etching -growing
oxide shell around the
nanocrystals using
highpressure
water vapor annealing.
320-400 Si nanocrystals | Si nanocrystals laser ablation in liquids [85]
470 Silicon Silicon pulsed laser ablation [86]
nanocrystals nanocrystals
415, 435 Silicon Silicon laser ablation [87]
nanocrystals nanocrystals
398, 423 nanocrystalline | nanocrystalline mechanical milling followed | [88]
silicon silicon in silicon | by chemical
oxide matrix oxidation
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1.5 Previous method to produce silicon nanoclusters

The dangling bonds of silicon nanoparticles, which are a prevalent feature of any
production method, should be passivated to fluoresce, otherwise silicon nanoparticles can
decay non-radiatively, even though they have direct band gap. In previous work in our
lab this passivation was achieved using a novel, two step method. Silicon nanoparticles
were produced in a cluster beam using a magnetron sputtering and a conventional gas
aggregation technique [89] under ultrahigh vacuum (UHV) conditions similar to the
method described by the von Issendorf, Palmer, and Milani [66, 67, 69, 90]. Passivation
of the clusters surface dangling bonds was performed by passing the clusters through a
localised high pressure region of a passivation gas. Clusters were co-deposited with a
vaporised molecular water beam onto a liquid nitrogen cooled trap.

Figure 1-2 shows a schematic of the experimental setup that the CMP group
previously used for producing samples [91]. In the aggregation chamber of device, there
was a sputtering magnetron source to produce atomic silicon particles. Further,
aggregation of sputtered atoms in the gas phase occurred in this part of device via a cold
and inert aggregation gas in our case, we used argon gas for gas aggregation. Our silicon
nanoclusters were formed in this part by three-body collisions. In the next part, the
clusters were deposited on TEM grids in the gas phase and their structure and size
distributions were subsequently investigated. The chamber was also equipped with a
Crystal Thickness Monitor (XTM or crystal microbalance) to measure the beam intensity.
Clusters were transferred to the deposition chamber in a stream of inert aggregation gas.
In the deposition chamber, we had a second gas jet for co-deposition using solvents such
as water, and a liquid nitrogen-cooled cold trap. Silicon nanoparticles were co-deposited
with the solvent molecules on the wall of cold trap forming a solid phase, usually water
ice. After deposition, the solid was melted, and collected. The liquid constituted our
sample in suspension [17, 91]. This part of our method was a novel technique designed
by our group, and which facilitated the study the clusters in solution. All chambers were
held under UHV conditions (base pressure ~10° mbar).
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Figure 1-2. Schematic of the experimental set up to produce silicon nanoclusters [16].

The TEM images of silicon nanoclusters deposited on carbon TEM grids, as
described above, showed spherical clusters, flake-like and nanotube-like structures with
size ranges of 30 nm to 100 nm [91]. Other TEM measurements were performed by using
liquid samples; a drop of sample was placed onto a TEM grid and allowed to dry (in air).
These results were completely different to the gas phase experiments, marked particularly
by the disappearance of the large clusters. AFM studies of films produced by drop-casting
solutions of clusters in water on freshly cleaved highly oriented pyrolytic graphite
(HOPG) showed the existence of single and laterally agglomerated nanoclusters of about
1 nm in height, irrespective of the production conditions [19, 92, 93]. This indicated that

the solution contained predominantly very small clusters.

The sample produced via this method, and collected after co-deposition, showed a
number of extraordinary properties; melting of the frozen cluster-ice mixture yielded an
aqueous suspension that strongly fluoresced in deep blue wavelengths when exposed to
UV light (~240 — 300 nm), and remarkably, over time (several months), the overall
fluorescence intensity did not degrade [17]. The silicon clusters produced with this same
method, but directly deposited on a substrate without interaction with the water beam, did
not show any fluorescence; thus, we concluded that the interaction of water and clusters
was critical for fluorescence. This interaction most likely caused a chemical reaction, and
produced fluorescent sites at the silicon cluster surface [18]. We believed that water
provided a strongly oxidising environment and led to formation of fluorescent clusters;
however, it could not be the only reason for luminance because non-luminescent, directly
deposited samples were also oxidised by their exposure to air. The fact that mixing of
water and silicon was critical for fluorescence ultimately led us to our liquid jet method

of producing fluorescent silicon nanoclusters. A key idea was that this mixing would be
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much more effective if the gas jet was replaced by a liquid jet. Absence of 50 nm clusters
and existence of 1 nm clusters in the liquid sample indicates that only silicon atoms in the

beam reacted with the liquid and formed fluorescent silicon clusters.

1.6 Novel method to produce fluorescent nanoclusters

In our method, silicon clusters were not provided as initial material. The
nanoparticles were rather grown once the silicon atoms attached at the liquid surface and
became dispersed. It should therefore be possible to produce fluorescent silicon clusters
by direct interaction of single silicon atoms and liquid in order to disperse silicon particles
and to provide sufficiently high nanoparticle densities. This required generation of atomic
silicon vapour, which was only possible in vacuum, and a liquid, which was difficult since
solvents cannot normally exist in their liquid phase in vacuum. To investigate the
possibility of forming nano-sized luminescent clusters of oxidised silicon by direct
mixing of atomic silicon vapours with liquid oxidants, we employed a liquid jet and
directed it through silicon vapour generated by magnetron sputtering. Liquid jets provided
particle densities that were sufficiently high for agglomeration of the silicon atoms that
became trapped after hitting the liquid surface. Liquid jets of suitable agents represented
efficient oxidants; we chose beams of water and alcohols. On the surface of the liquid,
and within the liquid, the particles had very high mobility compared to the solid phase,
so chemical equilibrium should be reached quickly. A liquid jet was generated following
the pioneering work of Faubel, Schlemmer and Toennies [94].

Comparison of the present results with our previous work using co-deposition of
silicon clusters shows that reactive self-assembly of clusters on liquid surfaces is a very
efficient process. Our results are important for the general understanding of interactions
of atoms with liquid surfaces, in particular the entirely unexplored field of reactions of
metals and semiconductors with liquid surfaces, the formation of fluorescent silicon, and

the site-specific optical properties of atomic clusters.

Possible applications of site-specific fluorescence of clusters are in biomedicine,
because silicon and silica are generally regarded as bio-tolerable [11]. Non-toxic,

chemically stable clusters in the nanosize range would have significant potential as
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chemical sensors that could reach regions in cells that are inaccessible for common, much

larger nanoparticles.

1.7 Silicon nanoclusters properties produced by liquid jet
method

Our group have developed a revolutionary synthesis method by which several
millilitres of blue-fluorescent silicon cluster solution can be produced within a few
minutes. All nanoparticles produced so far have been fluorescent, with constant yields
over up to three years, and suggested that an intrinsically stable form of silicon
nanoclusters in solution existed, showing exceptional stability without further treatment
for stabilization. This intense fluorescence wavelength ranged from 310 — 420 nm,
depended on the specific solvent used for the liquid jet, and that deep-blue fluorescence
emerged from oxygen rich states [81]. When water was used as solvent, the results
showed great similarity to [79] (although the authors of this work found they needed to
stabilize the sample). The results of our new method were very similar to our previous
results for producing stable silicon nanoclusters [16, 17, 19]. The silicon clusters
fluoresced a deep blue colour, with the wavelength of the fluorescence similar to our
previous work [18] and other groups that used different fabrication methods [80]. We
believe that silicon-oxygen and SiOH groups are formed at the cluster surface. In our
method, silicon particles could be produced in any solvent to generate silicon clusters
with different levels of oxidation. The particles could be transferred to any solvent
depending on the required application. Results showed transferring to another solvent was
equivalent to producing the cluster in that solvent. Oxidation by addition of one drop of
water showed clusters were heavily oxidized in the presence of water. Lifetime
measurements showed clusters had a fluorescence lifetime of about a few nanoseconds
depending on film and liquid samples and also depending on the solvent which were used
as liquid jet. Our Si-water samples had a quantum yield of 10%. Concentration effect,
with respect to fluorescence, showed the Si-water sample did not quench, conversely,
silicon deposited in alcohol did show quenching, although we could not measure the
concentration in this latter case directly, quenching could be concluded from a Stern-

Volmer plot. And, also, the results show chemical stability of the samples.
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AFM of film samples prepared by drop-casting nanoparticles on HOPG showed
exceptionally monodisperse heights of 1 nm, a value that we interpreted as the cluster
diameter in solution. We attributed this small cluster size to intense chemical interaction
with the solvent during growth and unfavourable physisorption after growth had
completed. While the samples were produced in the liquid phase and were stable in
solution, they could be dried on the surface of a substrate to form a film with a height of
a few nanometers. When the sample was dried, its structure and fluorescence properties
changed. The differences suggested that we may have two kinds of cluster in our solvated
samples; bulk and surface clusters. Transferring the particles to another solvent reinforced
this assumption. The clusters which belonged to the bulk did not change during the drying
or solvent exchange, but structure of the surface cluster changed by changing the phase
(between the liquid and film ‘phases’) and environment. However, the lifetime
measurements made our assignment about bulk clusters doubtful, as they showed
different lifetimes for these clusters depending on the solvent. XPS and FTIR/ATR
analysis confirmed that the silicon was present in a high oxidation state and that the
clusters were extremely oxygen rich. Oxidation states (chemical reactivity) of the samples
depended on the solvent. So, we attributed the origin of observed blue fluorescence to

oxidised silicon nanoclusters.

1.8 Advantages of fluorescent silicon nanoparticles

As was briefly mentioned in section 1.1, nanoparticles can give us information
about biological processes in the cells by emitting fluorescent light, for which silicon
nanoparticles are a good choice as they show non-toxic effect on both humans and the
environment [95]. Semiconductor quantum dots have high fluorescence and quantum
yields [96] but their application in the human body is not straightforward as they contain
toxic elements [97]. Therefore, silicon-based fluorescent biomarkers would represent a
presumably non-toxic alternative to state-of-the-art quantum dots like CdTe, CdSe,
CdSOs, etc. Nanoparticles that have fluorescence sites at their surface and are chemically
stable would provide a promising means to reach efficient and useful bio-sensors, which
is our goal in this project. Silicon nanoparticles produced by our novel technique show a
number of extraordinary properties. Clusters smaller than 1 nm in diameter form a stable

phase in water and do not agglomerate. Samples show strong and exceptionally stable
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fluorescence when excited with UV light. As nondegrading photoluminescence is usually
difficult to achieve [98], long-term stability in water is a remarkable advantage, as our
sample have these properties they can be considered as suitable candidates for
applications in vivo. Also the solvents which we used for synthesis are not biologically
harmful. Our findings suggest a simple, fast and cost-effective method to produce

fluorescent silicon clusters.

1.9 Organization of the thesis

This thesis explains how we produced fluorescent silicon nanoclusters and which
outstanding physical, optical and chemical properties they have. In the second chapter,
the production of silicon clusters by the liquid jet method is described. In chapter three,
the methods of characterisation, and the devices we used for characterisation, are
described. The methods involved fluorescence spectroscopy and UV/Vis spectroscopy,
which were used for optical investigation, whilst ATR/FTIR spectroscopy and XPS
spectroscopy were used to examine chemical properties. In chapter four, the results of
studies of optical properties are explained and parameters such as fluorescence intensity
and wavelength, absorbance, quantum yield, and lifetime are measured. Interesting topics
such as fluorescence stability, solvent exchange, effect of temperature, sample
concentration, chemical stability, oxidation, and effects of varying physical parameters
on fluorescence (like gas pressure, magnetron power, distance and angle of cold target)
are investigated. In chapter five, the results of chemical property studies are shown. The
samples were produced with water and alcoholic solvents. During the interaction of single
silicon atoms with aqueous or alcoholic liquids, the silicon atoms could react and formed
compounds containing oxygen, carbon and hydrogen. To investigate the chemical
composition and structure of the samples, and to clarify what reaction took place, we used
X-ray Photoelectron Spectroscopy (XPS), and Attenuated Total Reflectance (ATR).
Chapter six concludes the results, discusses our achievements and suggests some future

works.
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Producing silicon nanoparticles

2.1 Overview

Unlike bulk silicon, nano-structured silicon is able to emit light. Fluorescent silicon
nanoparticles have a quasi-direct band gap because of their small size, but whilst they are
potentially able to emit light, the surface of the silicon nanoparticles needs to be
passivated in order to achieve this. Free silicon clusters produced in molecular beam
machines have some advantages [16, 33, 66, 99]. Owing to their small size, they have a
quasi-direct band gap. They can also be produced in different sizes, but they often have
‘dangling’ bonds where electronic excitations can decay non-radiatively. To produce
fluorescent silicon nanoparticles, the dangling bonds need to be passivated by changing

the surface structure via chemical reaction(s).

Prior to this thesis, our group investigated the possibility of producing fluorescent
silicon clusters of variable size by using the gas aggregation method [100] combined with
co-deposition via a beam of vaporised water onto a cold target. It was anticipated that the
surface of the clusters would become passivated after contact with the water [16]. Melting
the frozen cluster-water mixture indeed yielded a suspension that fluoresced a blue colour
when excited with UV light (~240 — 300 nm). TEM experiments (a TEM grid was
mounted inside the chamber) confirmed that the clusters produced by gas aggregation
were around 50 nm in size. TEM images of cluster films produced by drop-casting of the
fluorescent solution onto thin carbon showed that 50 nm sized clusters were absent. AFM
analysis [19] has confirmed that the clusters were 1 nm in size. It was concluded that

atoms mixed with water must have formed the small clusters.

Consequently, it was decided that gas aggregation and co-deposition was not
necessary to produce small fluorescent clusters. This gave rise to the development of a

novel method to produce fluorescent nanoclusters: by the use of a liquid jet. A liquid jet
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provides more experimental degrees of freedom as different solvents can be added. In this
method, sputtering could be used to evaporate silicon, liquid water could be provided in
vacuum, and this method incurs only a low gas loaded compare to cluster beam methods.
It was anticipated that the fluorescent properties of silicon nanoparticles would change

with solutions of variable concentrations and different compounds.

In this chapter, the setup of a liquid microjet and the production of fluorescent
silicon clusters is described. Different production parameters, such as liquid jet capillary
diameter, liquid jet operation, flow rate and volume of liquid jet, magnetron sputter head,

and volume of atomic vapour used are discussed.

2.2 Experimental setup

We set up an experiment to generate fluorescent silicon nanoclusters by deposition
of silicon vapours onto a liquid jet. Towards this aim, we employed a professional Auto
306 BOC Edwards thin film coater [101] that was modified to allow for the set up of the
liquid jet. The new microjet nanoparticle fabrication technique employs a liquid jet that
is passed through a plume of atomised metals or semi-metals in vacuum. Atomic silicon
vapour was generated by zero grade (99.99%) Ar ion sputtering of a p-doped silicon target
(Kurt J. Lesker Co. Ltd. 3.00" dimeter x 0.250" thickness, 0.005-0.020 chm-cm). The
silicon atoms collided with the surface of the liquid jet, became trapped and aggregated
into clusters. The aggregated silicon clusters remained suspended within the liquid
solvent, and were ultimately co-deposited with the solvent onto a liquid nitrogen-cooled
trap. The water (and other solvents) provides an oxidizing environment for silicon [102]
which is needed to passivate the cluster surfaces and to create fluorescent defects. After

deposition, the frozen cluster solution was melted and bottled.

The mean free path of silicon atoms produced by the sputter head is around 1 cm,
because of the chamber pressure of ~10 mbar (depends on the Ar pressure and liquid
pressure). The distance between sputter head and liquid jet is 4 cm. So 3-4 two-body
collisions (between silicon particles or silicon and argon molecules) happen before silicon
particles reach the liquid beam. As the number of collisions is very low, three-body

collisions can be practically excluded.
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When the particles reach the liquid jet surface, the atoms can be repelled, pass
through the liquid medium, be trapped by the liquid molecules, diffused, and
react/interact with other atoms or liquid molecules. The type of nanoparticles that grow
depends on the interaction. In the case of using water as a liquid jet, different interactions

are possible, such as:

S| + HZO g SiOH-aq + H+aq (21)

Si + 2H20 — SiOz + 2H> (2.2)

Collective effects are important. In Equation (2.1), the product proton can only be
stabilised in bulk water. For example, in helium droplets, the reaction between single Si
and 2H20 (Si + H20 — SiOH aq + H*aq) was not observed [103].

A schematic of the device is shown in Figure 2-1, whilst Figure 2-2 shows the
modified device for producing the fluorescent silicon nanoclusters. The operation of each
part of the setup is described in detail below.

Liquid jet ST
o o o Deposit
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2T o ¢ =)
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Atomic silicon vapour Cold target
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Figure 2-1. This schematic shows different parts of our novel device. A liquid jet passes
through the atomic silicon vapour, captures the vapourised atoms and, deposits the
nanoparticles thus formed on the inner surface of cold target.
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Figure 2-2. The BOC Edwards thin film coater which was modified to produce
fluorescent silicon nanoparticles. The positions of the liquid tank, sputter head and cold
target in the setup are shown. This figure (left-front view) shows the device whilst
working, with a vacuum within the glass jar placed on top of the plate. The figure on the
right shows the top view of the setup.

2.2.1 Vacuum

The chamber which contains the different parts of the setup is not particularly big.
As can be seen in Figure 2-2, all such parts were contained within a bell jar on a plate
with a 40 cm diameter. A glass bell shaped jar, 50 cm high, is placed on top of this plate
to form the vacuum vessel. For evacuating the chamber, a pressure in the order of 6 x
107° mbar can be reached within less than 10 minutes using a rotary pump and a
turbopump. Sputtering requires argon at the pressure of 102 mbar to be introduced into
the vacuum system. After samples had been produced and the sputtering and liquid jet

had been stopped, the device could be vented (to ~1 bar in argon).

In previous method described in section 1.5, deposition using water vapour (or,
indeed, other solvents) was complicated because of the associated high vapour flux, with
the concomitant load on the vacuum pumps preventing the apparatus achieving the

required internal pressures (~ 10® mbar, as above), so it was replaced with water jet.
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2.2.2 Liquid jet

The liquid jet source comprised an off-the-shelf fused silica chromatography
capillary. In our experiment, a stainless steel cylindrical reservoir with 2 mm wall
thickness was used as a solvent/ liquid reservoir to which the capillary was connected. It
had two joint pipes connected to the Ar gas supply and the capillary. The capacity of
liquid tank was 150 ml, and was of dimensions 15 cm high by 3.5 cm in diameter. By
applying a high stagnation pressure of gas in the column behind the liquid, the device was
able to reach the desired hydrostatic pressure of liquid to produce a liquid beam in
vacuum. The high pressure generation via inert gas was a simple and cost-efficient
solution. Our setup worked in a similar manner to a piston, effectively driving the liquid
through the capillary. The high pressure tank was safety tested up to 70 bar, but in our
experiments the pressure was not allowed to exceed 50 bar. Before evacuation of the
chamber, we tested the capillary in air and made sure we were able to obtain a jet in
atmosphere. Figure 2-2 shows the position of the liquid tank with respect to other
experimental components, and Figure 2-3 shows a liquid filament being produced in

vacuum.

When the chamber was evacuated, at a higher chamber pressure liquid droplets
emerged at first from the end of the capillary; at lower chamber pressures they
subsequently froze; by then applying high pressure Ar gas into the reservoir, liquid was
ejected into vacuum. By increasing the stagnation pressure further, a point was reached
(~40 bar in water, and 30 bar in alcohol) when a liquid jet was formed. When the
stagnation pressure was then reduced, the liquid inside the capillary itself was found to
freeze. Therefore, only heating helped to re-engage the liquid jet. Freezing was frequently
observed when using water as a solvent because of its freezing temperature. The capillary
needed to be heated up to melt the ice. Conversely, for alcoholic solvents, no heating was

required and re-applying the pressure by itself could reform the jet.

In our experiment two different diameters of capillary, 50 pm and 25 pum, each with
a length of 6 cm, were used. At first we used the 50 um capillary because the larger
diameter was expected to reduce the freezing of the liquid jet because of the thicker gas
sheath surrounding wider liquid filament. However, it was found to be very difficult to
reach high vacuum and stay within the required pressure regime due to the higher flux
from this capillary when the liquid jet was in operation. So, we left the capillary to freeze
when the coater was evacuated. We then heated the nozzle (in the case of a water solvent)
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and applied a high stagnation pressure. The blocked capillary eventually opened and
allowed a liquid filament to establish.

We faced two problems in forming the jet; the liquid capillary changed its direction
while operating, within an angle of about 15 degrees. Additionally, when water was used
to form the liquid jet, when the jet touched the cold target it froze, and ice grew quickly
back along the direction of the jet towards the nozzle and blocked the entire jet and the
capillary; this could happen on a timescale of less than a minute. To counter the latter
problem, we simply increased the distance between cold target and the capillary and
changed the angle between them (different distances and angles are shown in section
2.2.4, and the effects of changing these parameters on fluorescence are shown in chapter
4). This helped, though not much, so to further reduce this back-freezing problem, we
decided to use a 25 um capillary, also using the smaller capillary would obviously reduce

the gas load on the vacuum pumps.

Whilst the 25 um capillary was operating [in vacuum], we observed a different
height profile of the deposited water; in contrast to the 50 um capillary, it seemed to
provide much better control of the location of the frozen deposit, also gave a very narrow
angular distribution (estimated of ~5 - 10° from the long axis of the capillary). As the flux
of liquid was less with the 25 pum capillary, the rate of back-freezing decreased
considerably and thus took more time to block the capillary; during this time we could
produce more sample, despite the reduced diameter of the liquid jet. Although using the
smaller capillary helped, the back-freezing problem still existed, so a heater used to melt
the ice, as described in section 2.2.5.

By increasing the hydrostatic pressure slowly, the capillary started jetting around
20 bar for alcoholic solvents and 30 bar for water. At these pressures, although the jet
started, it was more like a ‘spray’ of liquid and did not form a distinct, neat filament, so
initially the liquid divergence with clearly over much wider angles than when the compact
liquid filament was properly formed. As we used polar solvents, the direction of jet
sometimes changed during the jetting (when water was used as solvent, this happened
more than when alcohol solvents were used), direction change was also more frequent
when we used lower Ar stagnation pressures, with the jet behaving like spray. When the
stagnation pressure was increased by 10 bar, the liquid jet emerged faster and more like
a liquid filament; it was more homogenous and the divergence angle was smaller. We

could not increase the pressure too much, because the reservoir was safety limited to a
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maximum stagnation pressure of 50 bar. Additionally, at these kinds of stagnation
pressure the amount of liquid and the speed of liquid was high, so the rate of deposition
— and thus back-freezing — increased, severely limiting the control we had over the
experimental conditions. So, we concluded that Ar pressures higher than 40 bar were not
suitable for a water solvent. The best Ar pressures were found empirically to be ~40 bar

for water, and ~35 - 40 bar for alcohols.

Depending on the capillary length, diameter and viscosity, the pressure was chosen
so that Reynolds Numbers greater than 2000 were obtained. Under these conditions,
turbulent flow was established, preventing the liquid from freezing in vacuum. We were

able to sustain a collimated liquid jet in vacuum over several centimetres.

Laminar volume flow through an ideal capillary is described by the Hagen-

Poiseuille law (Equation 2.3). The flow of jet depends on diameter and length of capillary.

q, = T 4/8nlAp (2.3)

Here, qv is the laminar volume flow rate in m3s™, r is the radius of the capillary (in
m),  is the kinematic viscosity of liquid in m?s, | is the length of the capillary (in m),
Ap is the pressure gradient from one end of the capillary to the other (in Pa). Table 2-1
shows the effect of some parameters we used on laminar volume flow for water. The
kinematic viscosity of water was assumed at 20 °C, because we increased the temperature

of the filament to around this temperature to avoid freezing.

We produced a variety of samples using water [104], ethanol (<0.2%) [105] and
isopropanol [106] as solvents to study environment effects on sample properties. In all

cases we could see photofluorescence, but they had different fluorescence properties.

Table 2-1. Laminar volume flow rate for water

r (m) Ap (pa) Qv (m*s™)

25 x 10 30 x 10° 2.18 x 10
25 x 10°° 40 x 10° 1.63 x 101
25 x 10° 50 x 10° 1.30 x 10
50 x 10°¢ 30 x 10° 4.36 x 107
50 x 10°¢ 40 x 10° 3.27x 100
50 x 10° 50 x 10° 2.61 x 10
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Figure 2-3. The picture on the left shows the cold trap, the liquid jet, the capillary heater
and the sputter target (clockwise) giving an idea of distance between capillary and cold
target. The dotted rectangle marks the region of the liquid jet and shown as zoomed
picture on the right. The red arrow points onto the liquid jet which is collimated for atleast
2.cm.

2.2.3 Sputtering

We generated silicon vapour by argon sputtering at partial pressures of 2 - 3x1072
mbar. Sputtering is a standard procedure to achieve metallic or semiconductor vapours in
vacuum. We required a sputtering gas, usually argon, and a sputtering target. To produce
atomic silicon vapour, a p-doped silicon target was bombarded with Ar gas. We used
argon because it was easily ionized, chemically inert, relatively cheap, and did not lead
to target poisoning. The Ar gas plasma was ignited by applying a high voltage between
the magnetron cover (anode) and the sputter target (cathode), the two being located a
small distance apart. Initial electrons from the target surface cause cascade ionization in
the gas, forming an electrically neutral plasma which is magnetically confined above the
target by a strong magnet. By flowing the Ar gas, the pressure of the chamber reaches
~2x1072 mbar, and the rest of the process occurs at this pressure. A chamber pressure of
2 x 1072 mbar was sufficient to ignite sputtering, which meant that the argon atoms were
spontaneously ionized and accelerated towards the silicon target. The target’s negative
potential accelerates the ions from the plasma towards the target material, where they
impact with sufficient kinetic energy to eject neutral target atoms by energy transfer.
Because argon and silicon atoms have a similar mass, the exchange of kinetic energy with
silicon atoms was fairly efficient. The atomic silicon gas was created in the vacuum,
through which a liquid jet of solvent was passed. The atoms that hit the surface of the
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liquid jet decelerated, and then diffused and aggregated to nanoparticles within the body
of the solvent, and were subsequently deposited on the inner wall of the cold target

(together with the solvent).

The power used for sputtering varied between 35 W and 100 W. The best samples
were produced at ~50 W (see chapter 4). When a power of 100 W was used, the samples
had yellow colour and sometimes precipitates formed on the storage vials, and it was
found that using these kinds of power levels did not allow for the formation of

homogeneous samples.

A picture of p-doped silicon target used as a sputter head can be seen in Figure 2-4
(to the left). To produce a clean sample, we started sputtering a few minutes before

starting the liquid jet.

2.2.4 Cold target

We used a cold target to trap nanoparticles, liquids and metal vapour. The trap was
formed from a 4 mm stainless steel cylinder with a hole on it to allow the liquid jet and
nanoparticles to enter the inside of the cold target. The cold target was 15 cm high and 4
cm in diameter, and the hole was located 2 cm from the top with a diameter of 2 cm. This
hole was used to help increase the purity of the sample; due to the nature of sputtering, a
few silicon atoms flew through the hole with the liquid jet and froze on the inner walls,
but the vast majority of the silicon landed on the outside of the cylinder, thus helping to
prevent contamination of the sample by atomic silicon. As the direction of the jet changed
during the experiment and hit the edge of the hole (and caused back-freezing in shorter
distance), we increased the diameter of the hole to 3 cm to capture all the liquid. Before
we evacuated the chamber, we wrapped the cold target with aluminium foil; we then used
liquid nitrogen to cool it by immersing into liquid nitrogen and waited until boiling
stopped, indicating that thermal equilibrium was reached, and finally placing the cold
target onto a petri dish in the chamber before its subsequent evacuation. This temperature
was sufficiently low to allow the experiment to be performed for up to 30 minutes without
noticeable melting. After deposition, we vented the chamber with nitrogen or argon and

the target was left outside the chamber to defrost.
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Figure 2-4. The picture in the left (a)) shows the sputter head working in vacuum and its
position in the chamber. Picture b) is a top view, showing the position of the cold target
in the chamber and the frozen cone-shaped deposit of silicon and water on the inner wall
of the cold target. The picture on the right (c)) showsthe frozen deposit of silicon and
ethanol on the cold target from the side. In all figures the frozen deposit is indicated with
a red arrow. Co-deposition of silicon with alcoholic solvents did not form an ice on the
cold target wall, and it was similar to boiling liquid deposition, although when the
alcoholic solutions hit the wall they froze. However, these solutions then started melting
immediately.

Two different distances and angles were used between capillary and sputter head
and cold target. Different angles are shown in Figure 2-5; in the case of different
distances, the distance between the end of the capillary and the cold target was varied. By
tilting the cold target, we prevent the silicon atoms landing directly on the cold target’s

inside wall. The results of these experiments are shown in chapter 4.

Cold target Cold target

Liquid jet

Liquid jet

Sputter head
Sputter head

Figure 2-5. Schematic showing the difference between direct and indirect deposition.
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2.2.5 Heating

When we evacuated the chamber, the capillary froze due to the lowering pressure
during the pumping, so we used a heater to melt the frozen capillary and to reform the jet
as necessary; we invariably needed a heater in the case of water as the solvent. As water
froze on the cold target during the co-deposition, the ice back-froze along the path of the
liquid jet towards the capillary and, ultimately, blocked it, the capillary could be warmed

to melt the ice and reform the jet.

The first method we tried for heating, as can be seen in Figure 2-6 (left), we used
heating wire wrapped around the nozzle to defrost the ice. It could be left turned on during
the experiment, and we could change the temperature depending on the amount of ice
forming. We always used 20 — 30 °C to defrost the ice. However, because of the excess
of water vapour in the environment, the heater wires became wet and could short-circuit
during the experiment, so we decided to use another setup for the heater. In our second
method, we used a tungsten filament with a shield to prevent heat loss, and placed the
filament very close to the capillary. In this case, we turned on the filament for melting the
ice before starting the jet at the beginning of the experiment, and further when water back-
froze to block the capillary. However, once the ice melted and the jet reformed, we turned
the heating off to prevent the deposition of the heating filament materials in the liquid jet,
resulting in sample contamination. For the heating, we applied 2 V and 3 A which caused
the filament to glow red hot; we did not exceed this value because we did not want to
evaporate filament materials excessively and cause contaminants to enter the cold target.
Figure 2-6 (right) shows a schematic of the shielded filament that was mounted on the

pipe surrounding the capillary (the pipe is not shown in the figure).

Filamentshield
- ) Filament

Figure 2-6. Heating wire wrapped around the nozzle (left). A schematic of the filament
and its shield as heater (right).
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2.2.6 Clustering

In our experiment, there were two possible mechanisms for cluster formation;
clusters may have been formed during the interaction of the silicon atoms with the liquid
within the liquid filament, or they may have been formed when the cold target was

defrosted and the silicon atoms dispersed within the melting ice.

In each run of the experiment, 15 ml of sample could be produced in 20 minutes.
When deposition on the cold target was completed, the apparatus was vented by Ar gas,
the cold target allowed to defrost and the melted sample was collected by using a clean
pipe from a Petri dish underneath the cold target. The sample was then bottled as a liquid

sample.
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Characterisation methods

To characterize optical and chemical properties of silicon nanoclusters produced
with our method, and their interaction with their (solvent) environment, several methods
were used. Fluorescence and UV/Vis spectroscopy were used to investigate optical
properties and define some important characteristics of samples such as fluorescence
intensity, absorbance, quantum vyield, lifetime, the effect of the solvent (solvent
exchange), temperature, filtering, oxidation, concentration (quenching) and production
parameters (such as distance and angle between liquid jet and cold target, magnetron
power, liquid jet pressure and duration of deposition) of sample characteristics was
studied. To investigate the chemical and physical composition of the samples, their
structure and their chemical bonding, and also to characterize their interaction with their
environment, XPS and ATR/FTIR spectroscopies were used.

3.1 Optical characterisation methods

3.1.1 Fluorescence spectroscopy: general remarks

Simply, fluorescence spectroscopy is a method used to measure the intensity of
photons which are emitted from a sample - after absorbing photons (of a lower
wavelength) from an illuminating source - as a function of wavelength. It has many

applications in analytical science because of its high sensitivity and selectivity.

A material which is capable of fluorescence is called fluorophore. In atoms, energy
can only be released via emission of electrons or via fluorescence (or, generally less
efficiently, phosphorescence). A fluorescence line therefore gives us direct information

of the energy difference between the initial and final electronic states involved in the
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transition. For molecules, nanoparticles and bulk matter, the situation is more complicated

because of the additional degrees of freedom added by vibrations (and rotations).

Generally, fluorescence is accompanied by vibrational relaxation and often
vibrational relaxation competes with fluorescence. A typical scenario is illustrated by the
following: Absorption of a photon by a molecule excites electrons from the singlet ground
state to a singlet excited state. Vibrational states in the excited electronic state are also
populated as the (excess) energy of the illuminating photon is partitioned into the
available degrees of freedom of the absorbing molecule(s). It can return to the ground
state in a two-step process: in the first step, the molecule returns to the lowest level of the
excited state by transferring a part of its electronic and vibrational energy to the
environment, for example via collisions with other molecules (e.g., radiationless decay
via internal conversion). In the second step, the molecule then decays back to the ground
state by emission of a photon. This process is called fluorescence, as opposed loosing
energy to the environment in a nonradiative manner. Often there is a triplet excited state
lower in energy than the singlet excited states and the molecule changes from singlet to
triplet and dissipates part of its energy which is called intersystem crossing. The similar
relaxing processes occur for the molecules which are excited to the triplet excited state,
in this case emission of photon is called phosphorescence. The phosphorescent energy in
most cases is lower in energy than that of fluorescence energy. So for the fluorescence
processes, molecules emit a photon and drop to one of the vibrational levels of ground
electronic state; because molecules can decay to many vibrational levels in ground state,
the emitted photons will generally show a broad spectrum of energies rather than a single
discrete line. By analysing these different wavelengths and their intensities - and
depending on the method used (see latter) - the energetic positions of different vibrational
levels and the potential energy curve of the ground state, or excited state, can be
determined [107].

These processes are shown in the Jablonski Diagram or electronic transitions
diagram, in Figure 3-1 [108].
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Figure 3-1. Jablonski diagram [108]. This diagram shows electronic transitions for
absorption and fluorescence processes. So refers to the electronic ground state, Sy and S
to electronically excited singlet states and T referes to the excited triplet state.

The energy of emitted photons (emission energy) is always lower than the energy
of the absorbed photons (absorption energy), because there are many more de-excitation
processes than fluorescence emission to return the molecule to the ground state. In most
cases, fluorescence happens from the lowest vibrational level of the excited electronic
state and the molecule decays to an excited vibrational state of the electronic [ground]
state, depending on the various Franck-Condon factors. Thus, fluorescence peaks are
detected at longer wavelengths than the absorbance or excitation peaks. The wavelength
(thus energy) and the intensity of the fluorescence peaks give information about structure

and environment of the sample.

For large molecules and nanoparticles, emission from excited state occurs often
independently of the excitation wavelength; in other words, the emission energy
(wavelength) is unchanged and independent of the excitation wavelength. This is the case
when vibrational energy distribution within the electronically excited states is efficient

and populates always the same initial state before fluorescence.

As the absorption occurs from the ground electronic state, so the absorption, or

excitation, spectrum characterizes the population distribution in the ground state.
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Fluorescence and phosphorescence happen from excited states, so the emission spectrum
describes the population distribution across the excited states. Emission and excitation

spectra also characterize the electronic state distribution in a molecule.

The intensity of the peaks, the emission wavelength and decay lifetime are some of
the observable phenomena which can characterize the sample. Each molecule and sample
has its own unique fluorescence spectrum and observable parameters. These properties

are intrinsic, but can be modified by the environment.

A fluorometer is used for the acquisition of spectra, and consists of: an excitation
source, which can be a lamp or laser, an excitation monochromator (if a lamp is used as
excitation source), a cuvette and a cuvette holder, an emission monochromator, photon

detector, and a recorder. These parts are described in following sections in details.

A continuous spectrum emitted by a Xenon lamp shines onto an excitation
monochromator (first monochromator). It selects a small subset of wavelengths for
excitation. This monochromatic excitation light is directed into the sample. When the
sample absorbs this light, it fluoresces. The fluorescence light is directed into the emission
monochromator (second monochromator). The second monochromator selects a band of
wavelengths as emission wavelengths and directs them onto a photomultiplier. The signal

from detector is sent to system controller and computer to process with software.

The fluorescence beam is emitted in all directions, so just a portion of this light
enters the second monochromator and then detector. The detector usually is placed at 90
degrees to the light from the excitation source to minimise the incident light reaching the
detector. Figure 3-2 shows a schematic of the fluorescence setup.

A fluorescence emission spectrum is recorded by keeping the excitation wavelength
constant (first monochromator) and the scanning the emitted light as a function of
wavelength (emission monochromator sweeps the whole spectral range). An excitation
spectrum is recorded by keeping the emission light at constant wavelength (second
monochromator) and the excitation light is scanned as a function of wavelength
(excitation monochromator is run for all required wavelengths). In fluorescence emission
spectra, photon counting is measured, whilst in fluoresce excitation spectra photon

current is measured.



Chapter 3 Characterisation methods 29

Light
source

monochromator|

c
L
prav}

]
x

Q

>
i

Fluorescent
signal

Figure 3-2. This schematic shows the position of the main parts in a fluorescence
spectrometer. Some particular parts, such as the beam splitter or the reference detector,
are not shown because they are not used in the main light path.

Fluorescence is defined by intensity, quantum vyield and lifetime. Fluorescence
intensity, Ir, at a specific wavelength is the number of fluorescence photons, n, multiplied

by the photon energy, E, (Equation (3.1)).

The fluorescence quantum yield @k is the number of fluorescence photons, n,
divided by the number of absorbed photons, nass. So, Ir and @r are proportional. The
fluorescence lifetime, 1o, is the time the molecules spend, on average, in their excited state
before decaying. Quantum yield and the fluorescence emission maximum are sensitive to
the surrounding environment. Fluorescence lifetime and quantum yield are described in

the following sections.

Excitation and fluorescence spectra can quantify (by comparison to known
references) the concentration (at low concentration, fluorescence intensity is proportional
to concentration) and identify a fluorescent compound, as the excitation and emission
properties of a specific molecular species are fixed for the same environmental condition.

The wavelength of the emitted photon is characteristic of the molecular structure.
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Although the intensity of fluorescence peak, F, depends on the intrinsic properties of a
given molecular species and its environment, experimental parameters such as intensity
of absorbed light, concentration of sample, length of the cell can also have an effect. The

relation of these parameters with fluorescence is described by Equation (3.2):

F = @l,(1 — e~%b¢) (3.2)

Where @ is quantum efficiency, lo is intensity of the incident light, ¢ is the molar
absorptivity, b is the path length of cell, and c is the molar concentration of sample [109].

Low intensity of fluorescence shows a low concentration of the fluorophore.

3.1.1.1 Stokes shift

As some of the energy of molecule is lost via heat or vibration, the emitted energy
is usually less than the excitation energy, and the emission wavelength occurs in longer
wavelength than the excitation wavelength. This difference between excitation and

emission wavelengths is called the Stokes shift.

The energy absorbed by a molecule is generally different from the emitted energy.

The absorption and emission energies are described by Equations (3.3) and (3.4) [107]:

E, = hc/, (3.3)

Een = he/Aem (3.4)
And

Eem < Eq (3.5)
So:

dom > g (3.6)

Where 1a and Aem are absorption and emission spectra maxima. Its shows emission
spectrum maximum shifts to longer wavelength respect to absorption spectrum

maximum.
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So, the Stokes shift, o, is described by Equation (3.7):

OE = Eem — Eex (3.7)

Where Eem and Eex are emission and excitation energies. Stokes shift depends on

the structure of the molecule (sample) and its medium (solvent).

3.1.1.2 Light diffusion: Rayleigh and Raman scattering

There are two sources of diffused light that contribute to an emission spectrum:
Rayleigh scattering and Raman scattering. When diffused photons and excited photons
have the same energy, this is called Rayleigh scattering; the excitation peak occurs at the
same wavelength. Raman diffusion occurs at a wavelength longer (Stokes) or shorter
(anti-Stokes) than the excitation wavelength. Raman scattering is the result of excitation
of a virtual electronic state by the excitation light and relaxation to a vibrational excited
level other than the vibrational ground state [110]. In other words, this is a two photon

process.

Raman peak energies change when the excitation wavelength is changed, but this
change is always proportional to the excitation wavelength (and Rayleigh peak) for the
same sample. For example, for water, the Raman peak appears 3367 cm™ lower than the
excitation light frequency. Different solvents and samples have different Raman peaks.
In typical emission spectra, the intensity of the Raman peak is much lower than that of

the Rayleigh (scattering) peak.

In an aqueous environment, the symmetric H-O-H vibration is responsible for the
Raman peak. Alcoholic media create two Raman peaks. As the position of the Raman
peak is excitation wavelength-dependent, the position of the Raman Peak in an aqueous

environment can be calculated using Equation (3.8) [107]:

= 1//1” _0.0003367/ (3.8)

ram

The wavelengths here are in nanometers.
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To distinguish between Raman and fluorescence peaks, we can change the
excitation wavelength. As fluorescence often does not depend on the excitation
wavelength, but the Raman process does in a very specific way, Raman peaks can thus
be identified by changing the excitation wavelength. Because the Raman peak(s) of some
solvents can be complex, it is better to run an emission spectrum of the pure solvent before

the analysis of any solvated particles.

In general, the higher the fluorescence peak intensity, the lower the Raman peak
intensity, because these are competing processes, and fluorescence is the much more

efficient than Raman scattering.

3.1.2 Employed fluorescence spectrometer

A fluorometer is an analytical device used to record fluorescence excitation and
fluorescence emission spectra of a sample, so the excitation wavelength, or emission

wavelength, can be scanned while the other is kept constant.

We used a fluoroMax-P (Jobin-Yvon Horiba) to measure the fluorescence spectra
of the samples [111]. The device was controlled by the DataMax spectroscopy software
[112]. The detail of each part of the spectrometer is described in the following sections.

3.1.2.1 Lightsource

The sample can be excited by using different light source such as: lasers,

photodiodes, lamps, xenon arcs, and mercury vapour.

A 150 W continuous wave (CW) Ozone-free Xenon arc-lamp was used as the
illuminating source [113]. Light from the lamp was collected by a mirror, and then
focussed on the entrance slit of the excitation monochromator. The lamp was separated
from the excitation monochromator by a quartz window to prevent heat entrance into the

instrument. The spectrum of Xenon lamp used for our experiment is shown in Figure 3-3.
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Figure 3-3. Emission spectrum of Xenon lamp which is used in our experiment [114].

3.1.2.2 Monochromators

A monochromator selects for wavelength by using a diffraction grating. Collimated
light enters a grating and leaves at a different, wavelength-dependent, angle. Therefore,
the monochromator can be adjusted (angle selected) to select which wavelengths to

transmit.

The device was equipped with two Czerney-Turner monochromators, as excitation
and emission monochromators. The Czerney-turner design allowed high resolution (up
to 0.3 nm) across the entire spectral range, whilst minimizing spherical aberrations and
diffraction [113]. The most important part of the monochromator is the grating, which
disperses light by virtue of its vertical grooves. A spectrum was achieved by rotating the

gratings, and recording the intensity values at each wavelength/ angle.
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Figure 3-4. A diffraction grating splitting an incident beam into its component
wavelengths. The saw-tooth profile (called the ‘blaze”) aims to enhance the intensity of
certain wavelength regions.

In the instrument used for our measurements, the wavelengths selected were
optimum for excitation in the UV and visible range (from 250 nm to 700 nm), and for
emission in the high-UV to near-IR (from 200 nm to 800 nm) [113].

The entrance and exit slits of each monochromator could be controlled by the
DataMax software. For the excitation monochromator, the width of the slits controlled
the bandwidth of light incident on the sample. For the emission monochromator, the slit
width controlled the intensity of fluorescence light incident on the grating. When the
width of slits was increased, the more light reached the sample and detector, so the

intensity of the spectrum increased, but at the cost of spectral resolution.

3.1.2.3 Sample chamber

The beam from the excitation monochromator was focused onto the sample.
Fluorescent light emitted at 90 degrees from the sample, with respect to the incident beam,
was collected. Fluorescence from the sample was directed onto the emission
monochromator. About 8% of the beam from the excitation monochromator was spilt by
a beam splitter before reaching to the sample, and used to illuminate a reference
photodiode [113].

3.1.2.4 Detectors

The detector can be operated as a single channel (PMT, photodiode, etc) or multiple
channels (CCD, MCP, etc). A single channel detector can only detect only a single



Chapter 3 Characterisation methods 35

wavelength from a sample at any one time, but a multiple channel detector can detect

intensities of multiple wavelengths at the same time.

The instrument we used contained two detectors, a signal detector and a reference
detector, to assess the quality of the excitation light source. The signal detector was a
photon-counting detector. It had an R928P photomultiplier tube, which sent the signal to
a photon counter. It could detect in the range from 180 - 850 nm, with dark counts <1000
cps. The photon counter had a linear range of 1cps to 4 x 10° cps, but the working range
was up to about 1 cps to 2 x 10°cps; above 4 x 10° cps it became saturated, and the
detector response was no longer linear. The reference detector detected the xenon lamp
to correct it for wavelength dependent and time dependent output of the lamp. It operated

in the range of 190 - 980 nm and was located just before sample chamber [113].

3.1.3 Sample preparation for fluorescence measurement

3.1.3.1 Liquid sample

The fluorescent samples that we used were in solution, and so could be analysed in
a standard sample cuvette. The cuvette had to be non-fluorescing, to prevent
contamination of the sample’s fluorescence spectrum, and also had to have little
absorption in the wavelength range of interest. A quartz (fused silica) cuvette is ideal in
these regards as they allow high-efficiency transmission from 200 nm — 2500 nm; some
forms of quartz can transmit up to 3500 nm.

We used a suprasil 115-QS Hellma cuvette with light path of 10 mm. Its dimensions
were 40mm height, 12.5mm length, and 12.5mm width, but the liquid was in a sub-
compartment of the cuvette volume (of dimensions 10 nm x 1 nm x 40 nm). The volume
that could contain the sample was 400 pl. It had a Teflon cap to contain the liquid. This
cuvette fitted in a cell holder inside the sample chamber. Before measurement, the cuvette
was cleaned with acetone and then again using the same pure solvent as sample solvent.
We always kept the samples in ultraclean vials. For fluorescence measurements, 400 pl

of sample was transferred from the vial to the cuvette by a glass pipette.
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3.1.3.2 Film sample

In addition to liquid samples we made film samples to investigate the properties of
the samples outside the solvent environment and exposed to the atmosphere, provided
that the nanoparticles did not chemically react with the solvents. We expected that by
evaporating the solvent, all samples would show the same results as their spectra were no
longer had any solvent dependency. A suprasil substrate was used for film sample
preparation; a film of sample was made by putting 50 drops of sample on the substrate,
each drop being added when previous one had dried completely. The sequence was
repeated 50 times to make a film with a thickness of approximately 50 nm, as AFM
measurements showed our clusters have a height of ~1 nm. Film samples were used for
measuring excitation and emission spectra and also for measuring the lifetime at the
Superlumi end station at beam I, Hasy lab, Desy, Hamburg. In these measurements,
pulsed synchrotron radiation was used as an excitation source, allowing to discriminate
scattered light from fluorescence light. This was important for the characterisation of the
films, because they inevitably produce strong scattered light by defuse reflection.

To measure the samples, we used pulsed synchrotron radiation and time-correlated
single photon counting (TCSPC) method. In this method a pulsed light source
(monochromatic synchrotron radiation) excites the sample. When a detector detected a
photon, the time with respect to the source pulsed timer was measured. All photon events
had to be detected between two consecutive pulses of light from the source with so-called
single-channel analyser time windows, which can be set as required. We used time
windows for scattered light detection [0- 5 ns], fast fluorescence [5- 10 ns] and slow
fluorescence [50- 150 ns]. A photon arriving within one of these time windows was
counted in separate counters. In addition, all photons were counted in a counter for
integral measurement. The schematic in Figure 3-5 shows how the fluorescence photon
is detected in this method. The optical parameters of the Superlumi end station are
reported in publications by Zimmerer such as a photon flux < 7x10'? photon/(nm.sec),
base pressure ~ 10 and pressure during experiment ~10° [115]. Deviating from these
parameters we used a resolution of 0.3 nm for the primary monochromator. A turbo pump

and an ion getter pump were used for evacuating the chamber [116].
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Figure 3-5. The schematic shows how TCSPC method measure the fluorescence and
fluorescence photon can be detected in different time window.

3.1.4 Recording Fluorescence spectra

For recording Fluorescence emission spectra, in software, we chose emission
acquisition as our experiment type in the data acquisition software. For our
measurements, scans were started 10 nm on the higher energy side to the excitation
wavelength, because we wanted to measure the Rayleigh and Raman peaks as well as the
fluorescence peaks, because they are useful as wavelength and intensity benchmarks. The
end points were chosen at 800 nm, with integration time and increment set to 0.5 s and 1
nm respectively. Both entrance and exit slits of emission monochromator were set to a

width corresponding to 2 nm resolution.

For recording fluorescence excitation spectra, we chose excitation acquisition for
as our experiment type in the data acquisition software. The parameters we used for our
experiments were: scan start point 200 nm, scan end point 500 nm, integration time 1 s,
increment 0.5 nm, and entrance and exit slits widths corresponding to 1 nm resolution in

the excitation monochromator.

We also measured the fluorescence spectra of our samples as a film and in the liquid
phase at the Superlumi end station at beam |, Hasylab, Desy, in Hamburg. Here, the
detector could detect the different components of fluorescent light: scatter, fast and slow

components, and could integrate all of these components.
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3.1.5 UV/Vis spectrophotometry

UV/Vis spectroscopy designates absorption spectroscopy in the ultraviolet (UV)
and visible (Vis) spectral ranges. This method investigates electronic transitions, and is
complimentary to fluorescence spectroscopy. [Dispersed] fluorescence spectroscopy
gives information about transitions from the excited state to the ground state, while
UV/Vis spectroscopy measures the absorbance and gives information about transitions

from the ground state to the excited state [117].

UV/Vis spectrometry is used for identification of unknown components (qualitative
analysis) and the measurement of concentration of individual compounds present

(quantitative analysis) of organic and inorganic compounds in wide range of applications.

Molecules in their ground level absorb light and go to an excited state from where
different processes, including fluorescence, de-excite the molecules. If a sample is
illuminated with a light beam with an intensity lo, the absorption, laps, and transmitted,
lrans, light intensities depend on the concentration of the absorber, which is the molar
concentration (particle density), c, the path length (length of the absorber), b, and the
molar absorptivity (cross section for light absorption), . The Beer-Lambert law shows
how intensities depend on these parameters [118]:

lirans = IOe_SCb (39)
Iaps = Ip(1 — e7*P) (3.10)
lirans = lo — Iaps (3-11)

And absorbance is defined as:

Io

A =log = gecb (3.12)

I trans

The Beer-Lambert law defines absorbance of a sample by Equation (3.12), where
Ais absorbance. As c is a function of wavelength, the Beer-Lambert law is valid only for

a single wavelength.

And transmittance defined as:

T — Itrans (3 13)

Io
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A UV/Vis spectrometer consists of a UV and visible source, a monochromator for
wavelength selection, sample and reference containers, detectors, and a signal processor.
In addition, depending on the design of the instrument, they may have mirrors and a beam

splitter, etc.

A UV/Vis spectrometer can be a single beam or double beam. In a single beam
spectrometer, a beam from a light source hits the monochromator, becomes
monochromatic light, which is then passed through the sample and ultimately illuminates
the detector. The single beam spectrometers are microprocessor-based and have facility
to store the reference spectrum (baseline). In this case I, should be measured without the
sample cell present as a reference or background, the reference spectrum is measured first

and stored. When a sample is measured, the software determines the transmittance, T.

In a double beam spectrometer, light leaving the monochromator is split into two
beams before it reaches the sample. One beam is used as a reference beam whilst the other
Is passed through the sample. The simple schematic in Figure 3-6 shows how a double
beam spectrometer works; A UV/Vis source produces a light beam in the ultraviolet and
visible range (some devices use two sources to cover the entire range). The light beam
illuminates a monochromator and is separated into its component wavelengths using a
diffraction grating (or using a prism). The monochromatic beam leaves the
monochromator and is split into two equal intensity beams by a beam splitter or a half-
mirrored device. One beam, the sample beam, passes through the sample which is located
in the sample chamber, whilst the other one is used for the reference beam, which should
suffer no light absorption. The intensity of the reference beam is the same as the initial
beam (lo) and the intensity of the sample beam is I. The monochromator scans the selected
wavelength range automatically. The output result is a graph of absorbance versus
wavelength. The software determines the transmittance, T, by dividing the sample signal,
I, (which is the signal transmitted by the sample) with the background, lo, (which is
proportional to the signal before it reaches to the sample). By definition, the absorbance,
A, is the logarithm of the inverse of the transmittance, T [119]. The user can choose to

display the absorbance or transmittance in a spectrum.
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Figure 3-6. The schematic shows how a double beam UV/Vis spectrophotometer works.

3.1.6 Employed UV/Vis spectrometer

We used an Evolution 220 UV-visible spectrophotometer (Thermo Fisher
Scientific, Inc.) to measure the absorbance spectra of our samples [120]. The Evolution
220 is a double beam spectrophotometer, so it corrects automatically for any change in
source light intensity. Before each measurement, a reference scan was performed. The
ratio of the sample to the reference beam at each data point (wavelength), eliminates
errors that could arise from detector sensitivity drift. This spectrometer works in the range
190 - 1100nm.

3.1.6.1 Light source

UV/Vis spectrometer can be adapted to light sources that cover the whole range of
ultraviolet and visible wavelengths, for instance the xenon arc lamp, or have two different

light sources to cover this range, like a tungsten filament and a deuterium arc lamp.

Our spectrometer used a xenon flash lamp that covered the UV and visible range
with high intensity [120]. It did not need any warm up before measurement. It sent intense

flashes of light only when measurements were being taken.

3.1.6.2 Monochromator

Similar to a fluorometer, our UV/Vis spectrometer employed a Czerney-Turner
grating monochromator [120]. The source beam entered the monochromator via the
entrance slit. It was collimated by a collimator and then directed onto the reflection
grating at an angle, splitting the beam into its component wavelengths. By changing the
angle of grating, light of only a specific wavelength left the monochromator via the exit
slit (Figure 3-4).
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3.1.6.3 Detector

Generally, detectors can be photomultipliers, photodiodes, or charge-coupled
devices (CCD). The Evolution 220 UV/Vis spectrophotometer used in our measurements
employed dual silicon photodiodes as detectors [120]. Photodiode detectors were used
with scanning monochromators, and only a single wavelength reached the detector at one
time. By changing the angle of the diffraction grating for each wavelength, the detector
could measure the intensity of the beam as a function of wavelength. Because the device
had two detectors, the sample and reference beams were measured at the same time to

eliminate errors caused by drift of the light source or changes in the sample over time.

3.1.6.4 Sample compartment

The device was equipped with AFBG (Application Focused Beam Geometry)
which optimized the optical configuration of the instrument [120]. The holder cell which
embraced the cuvette was allowed for a highly reproducible sample location with respect
to the beam. The holder cell position could be fine-tuned by two vertical and horizontal
screws. The micro-AFBG tightly focused the beam and allowed light to pass through the

2%2 mm aperture.

3.1.7 Sample preparation for UV/Vis measurement

As glass and plastic cuvettes absorb light in the UV region, only quartz/ fused silica
glass cuvettes are recommended because they are transparent to light with high

transmittance across the entire UV, visible and near infrared regions.

The cuvette we used for this experiment was the same as the one used for
fluorescence spectroscopy. The cuvette volume was 400 ul, hence only 400 ul of sample
was required for each experiment. Light was passed only through a2 mm x 2 mm window

in the cell holder.

3.1.8 Recording UV/Vis spectra

To record spectra, data collection and analysis, the INSIGHT software [121] was

used. The software had four different sample analysis modes: Fixed, Scan, Quant, Rate.
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In this work only the scan mode was used, which measured the light passing through the
sample over a wide range of wavelengths. For starting the experiment, one had to select
the appropriate scan option in the software. Then, in the setting window, the user needed
to select the appropriate parameters for the experiment. We chose “Absorbance” as data
mode and the values which were used for our measurements were: start wavelength 1000
nm, end wavelength 200 nm, bandwidth 2 nm, integration time 0.1 s, and data interval
0.5 nm. Backgrounds (“blanks”) and calibrations were automatically measured prior to

the experiment itself.

For higher accuracy we needed to measure the blank before beginning of each
experiment. Both sample and reference spectra were normalised using the “blank”
spectrum in each measurement automatically. The sample spectrum was corrected by the
reference spectrum (background) in each measurement automatically. For the blank
measurement the sample chamber was left empty. The cuvette used for sample
measurements was the same cuvette that was used for fluorescence measurement.
Preparing the sample and cleaning the cuvette was the same as for the fluorescence

measurement. After measuring the background, the sample spectrum was recorded.

3.1.9 Fluorescence quantum yield

Fluorescence quantum yield is defined by Equation (3.14):

emitted photons

¢br = (3.14)

absorbed photns

The quantum yield of a molecule is calculated by comparing the fluorescence
intensity of the molecule with the fluorescence intensity of a reference molecule of known

guantum yield, as described in Equation (3.15) [107]:

_ ODreference ) Fsample
Qsample - reference (3-15)

ODsampieXX Freference
Where @sample and Dreference are the quantum yields of sample and reference, Fsample
and Freference are the fluorescence intensities of the sample and reference, ODsample and

ODreference are the optical density of sample and reference (absorbance).
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As a reference, stilbene 3 was used. Stilbene 3 has a fluorescence peak at 422 nm
when excited at 308 nm, and has therefore very similar properties as silicon nanoclusters
produced by deposition of silicon atomic vapour on water (see chapter 4). So, to calculate
the quantum yield of the sample, we measured the optical densities of sample and
reference at the excitation wavelength, which was 308 nm for our experiment. To measure
the optical density, absorbance spectra were measured by the UV/Vis spectrometer. We
could replace the sum of the fluorescence intensities by the maximum fluorescence
intensity as the sample and reference had the same fluorescence maximum wavelength,
which was 422 nm. So Equation (3.15) could be written as (3.16):

_ ODreferenceXIsample
(Dsample - reference (3-16)

ODsample ><Ireference

If the sample and reference have different refractive indices, Equation (3.16) is
changed to Equation (3.17) [122-124]:

2

_ ODreferenceXIsample Nsample

Q)sample - (Z)reference (3- 17)
ODsampleXIreference Nreference

Where nsampte and Nreference are the refractive indices of the sample and the reference.
As we dissolved stilbene 3 in ethanol and we used Si-water samples to calculate quantum

yield, we used Equation (3.17) for our calculations.

3.1.10 Fluorescence lifetime

When a molecule is excited, it remains in the excited state for only a short time,
depending on the decay processes in operation, before returning to the ground level. In
the visible spectral range fluorescence lifetimes are roughly in the range of nanoseconds.
The fluorescence lifetime is described by Equation (3.18) [107]:

Tr = 1/k - 1/(kr +k) (3.18)
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Where kr and k" are radiative and nonradiative rate constants. De-excitation of the
molecule includes all radiative and nonradiative processes to define the fluorescence

lifetime. The radiative lifetime (rr = 1/k ) is the real emission lifetime, but it cannot be
T

measured independently of the other de-excitation processes, because they occur in
parallel. Therefore, the time of all de-excitation processes is measured and this time is

called the fluorescence lifetime and it is lower than the radiative lifetime.

The fluorescence intensity is reduced exponentially with time. If the molecule’s

excited state population is N(t) at time t, the rate of decreasing the population is [107]:

_dN@) _
ac

(k, + kIN(D) (3.19)

A solution for N(t) in Equation (3.19) is Equation (3.20).

N = Nye~t/" (3.20)

Where N is the initial excited state population. When t = z:

N = Noe™t =22 (3.21)

Therefore, fluorescence lifetime is the average time required for the population in

the excited state to reduce to 1/e of the initial population on excitation.

Fluorescence lifetime often depends on the structure of the fluorophore itself [125],

but its interaction with environment can affect on it [107].

To measure the lifetime, we used pulsed synchrotron radiation and the time-
correlated single photon counting (TCSPC) method (as described in section 3.1.3.2), at
the Superlumi end station at beam |, Hasylab, Desy, in Hamburg. Fluorescence decay
curves were also measured using a fixed excitation wavelength. The distance between
two excitation pulses is divided by the 500 ‘channels’ within the trigger timebase and the
time between arrival of the photon and excitation pulse is measured for every photon with

respect to this channel. The photons are counted separately for every channel. As can be
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seen in Figure 3-5, lifetime, z, is related to the measured time, z°, when T is the period

(the trigger timebase); t =T — "

The environment and its interaction with the molecule can affect lifetime,

particularly when the sample is in polar environments.

The results of lifetime measurements are shown in section 4.12.

3.1.11 Fluorescence quenching

Interaction with the environment may quench the fluorescence and therefore reduce
the fluorescence intensity and quantum yield. In dense gases or liquids, quenchers reduce
the fluorescence when they collide with fluorescent molecules or when they form a non-
fluorescent species with fluorescent molecules. When quencher and fluorescent
molecules collide, the molecules share energy, after which they separate again.
Quenching of fluorescence because of collisions is called dynamic quenching, whilst
formation of non-fluorescent species is called static quenching. According to Equation
(3.1), in the case of static quenching the number of emitted photons reduces, whilst in the
case of dynamic quenching the energy of fluorescent molecule reduces; therefore, the
fluorescence intensity and quantum yield will decrease in both cases. Although static
quenching reduces the fluorescence intensity and quantum yield (because the number of
fluorescent molecules is reduced due to binding to quencher), it does not change the
fluorescent lifetime because all the fluorescent molecules in the sample have the same
fluorescent lifetime. In presence of dynamic quenching, the fluorescent molecules loose
energy, so the fluorescence lifetime of these molecules is lower than those that do not
undergo collisions. Therefore, the mean fluorescent lifetime in the case of dynamic
quenching is lower than the mean lifetime in the absence of quenchers. So, in dynamic

quenching, fluorescence intensity, quantum yield and lifetime decrease[107].

Increasing the temperature can increase dynamic quenching in the sample, because
the colliding particles have more kinetic energy and therefore mean free path before

collision is reduced.

At high concentrations or short path lengths, particles interact with each other and
lose their energy through means other than fluorescence emission, which can induce

dynamic quenching.
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3.1.12 Temperature effect

As temperature can change the population of the ground state, excitation of phonons
and molecular [Kinetic] energy, it can and therefore affect fluorescence. Therefore, we
investigated the effect of changing temperature on fluorescence wavelength and intensity
of film samples at the Superlumi end station at beam I, Hasylab, Desy. In this experiment,
the fluorescence of Si-ethanol film samples was measured at four different temperatures
(8 K, 28 K, 60 K and 300 K). For bulk silicon, increasing the temperature increases the
fluorescence intensity; however, in silicon nanoparticles, cooling the sample results in an
increase of fluorescence intensity. As increasing the temperature redistributes ground
state population across more states, it causes broadening of the fluorescence peak [126],

as illustrated in Figure 3-7.

Excited state Excited state

ol Y

round state round state
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Figure 3-7. Schematic expaining the brodening of fluorescence spectra by increasing the
temperature. Increasing the temprature redistributes the ground state population across
more states.
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3.1.13 Reversible interaction of solvents

To find whether the optical and chemical properties of the samples depended on the
solvent used for the liquid jet - or as the environment in which the sample was suspended
- and to assess whether this solvent dependence, should it exist, could be due to chemical
reactions during nanoparticle growth on the surface of the liquid jet, a solvent exchange
experiment was performed. This was done to compare a sample of directly deposited
silicon particles in solvent with one where the silicon clusters were transferred from one

solvent to another.

In this experiment, as shown in Figure 3-8, we started with a Si-ethanol sample, for
which we recorded fluorescence spectra. Then ethanol was then completely evaporated
such that the silicon particles remained in the sample vial as residue. The vial was then
topped up with water and fluorescence spectra were again recorded. In a third step, the
water was evaporated and the residue transferred back to ethanol (the origin solvent), and
fluorescence spectra were once again recorded. Finally, the ethanol was once again
replaced by water in the same manner as above, and a final set of fluorescence spectra
recorded. The same experiment was performed using the Si-ethanol samples and
isopropyl alcohol (IPA, propan-2-ol). In all evaporation steps, a hot plate was used but
the temperature was held below the boiling point of the solvents in question. The results

of this experiment are shown in section 4.7.
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Figure 3-8. This figure shows the process of solvent exchange experiment. In each
experiment, sample residue was transferred between two solvents in four steps, with
fluorescence spectra recorded for each step.
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3.1.14 Concentration effect

We study the concentration and interaction of the nanoparticles to verify
fluorescence quenching and chemical stability (using UV/Vis spectroscopy) of the
samples. In this experiment, a Si-ethanol stock sample was diluted in 10 steps, and by
50% in each step. This dilution experiment was performed to see the effect of
concentration of sample on fluorescence intensity and absorbance. A Stern-Volmer graph

was plotted to show this dependence (see section 4.6).

3.2 Chemical characterisation methods

By deposition of silicon into the different solvents, we expect different chemical
reactions and different chemical properties. These chemical reactions should be

investigated. To achieve this, FTIR and XPS were used.

3.2.1 X-ray photoelectron spectroscopy (XPS)

All materials interact with their environment via their surface, and the type of
interaction defines the physical and chemical composition and structure of the materials
and their surface. Analysis of the surface is very important; however, surfaces of bulk
materials have a small proportion of atoms, and this proportion depends on the shape and

roughness of the surface and also the composition and structure of the materials.

X-ray photoelectron spectroscopy (XPS) is a sensitive technique which can analyse
a surface, and answer questions such as which elements, how much of them and in what
electronic and oxidation states these elements exist. Furthermore, chemical composition,
chemical bonding and interaction with environment, electronic state of the samples and

the composition of the material at the surface can often be determined.

In XPS, electrons are released from a sample as a result of a photoemission process.
The spectrometer consists of a soft X-ray source for primary radiation (often AlKa or
MgKa), and an electron analyser. X-ray spectroscopy is performed under ultrahigh
vacuum conditions. In XPS, an electron ejects from a core level due to impact with an x-
ray photon. An electron spectrometer analyses the energy of the emitted photoelectrons,
via the intensity of emitted electons versus the electron energy. The spectrometer
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measures the kinetic energy (Ek) of the emitted electron, which depends on both the
energy of the primary X-ray photon (hv) and the material. The binding energy of the
electron (Eg) defines the element from which the electron originates and via its unique
atomic energy levels. Equation (3.22) shows the relationship between these parameters
[127].

EB = hv — EK —-W (322)

Where W is work function and £v is primary photon energy.

Identification of the elements that exist in the sample is the first aim of XPS
analysis. So, recording a survey spectrum that includes all elements peaks from 0 to
around 1200 eV is necessary. Sometimes there is an unwanted feature in the XPS
spectrum which are called satellite peaks, which arise if non-monochromatic radiation is
used, and the sample is excited by weaker emission lines of the X-ray source, the so-
called satellite emissions (for example AlKu4, AlKgse, and AlKg). To distinguish
elemental peaks from satellite peaks, Auger transitions in an XPS spectrum are
considered because they are independent of the excitation energy and, therefore, do not
show satellite features. The next step after recording the survey is the acquisition of

high(er) resolution spectra in a small region around the peaks of interest.

Some parameters should be considered during the analysis, such as the number of
components, the degree of symmetry of the peaks, the width and the FWHM of the
components, the shape of the peaks, and the shape of the background. Most of elemental
peak show chemical shift in the XPS spectrum from one to several electron-volts. These
shifts can be classified in two groups, as being due to initial state or final state effects. In
the case of initial state effects, the atom before photoemission is partially charged due to
bonding to another element, causing a shift in binding energy. The bonds with higher
electronegative atoms show the greater chemical shift toward higher binding energy. The
final state effect happens after photoemission, and can have several causes, such as core
hole screening, relaxation of electron orbitals and the polarization of surrounding ions.
As it can be seen in Figure 3-9, after ejecting of an electron, its corresponding atom
becomes ionised, and unstable. The atom tends to return to stable state by redistribution

of its atoms (relaxation). An important relaxation channel is the so-called Auger decay.
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When the core hole generated by the photoelectron is filled by decay of a higher lying
electron the excess energy is released by emission of an electron from a higher lying shell

which has lower binding energy.

Furthermore, there is a high probability for inelastic scattering of photoelectrons
which is causing the electrons to lose energy, generate further, secondary electrons and
affect the background. The secondary electrons produce a background with positive slope
instead of a horizontal background. This background is superimposed with the peaks of
the primary photoelectrons. Energy conservation permits the emission of many secondary

electrons as a consequence of the primary process of photoelectron generation.

To assign XPS peaks, the National Institute of Standard and Technology (NIST)

has provided a source of standard data for the elements and their components [128].

Given the intensity of the components, the stoichiometry of the sample can be
determined. For quantitative analysis of XPS spectra, peak intensities can be converted

to atomic concentrations in software.
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Figure 3-9. A schematic showing the photoemission process.
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3.2.2 XPS spectrometer Employed for analysis

All XPS setups have several features which are necessary for analysis, including a
primary beam source (X-ray), an electron energy analyser and a detector. All are situated
in a vacuum chamber held under ultrahigh vacuum (108 to 10! mbar). A data recording

system is also required.

We used an OMICRON ultrahigh vacuum system for X-ray spectroscopy. The
system was a Multiprobe; it has a two chamber setup referred to as the preparation and
analysis chambers, in addition a fast load lock chamber. The most important attached
components were a dual anode X-ray source for photoelectron spectroscopy (DAR 400)
and an electrostatic analyser for measuring the kinetic energy of electrons and ions (EA
125 U). All the vacuum chambers had their own vacuum pumps and pumping stages.
Manual and elecropneumatic gate valves were used to allow separation of the different
regions of the apparatus, allowing them to be independently pumped (and, if necessary,
accessed). The system had two magnetically-coupled probe transporters which were used
to carry the sample from the load lock chamber to the sample transfer head in the
preparation chamber, and from the sample transfer head to the manipulators in the
analysis chamber, respectively. The device also had a system controller that monitored
the pressure of the chambers, the status of the pumps, the electrically operated valves and
controlled the bakeout procedure to allow for reliable and safe operation. Figure 3-10

shows a schematic of the XPS device.
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Figure 3-10. The XPS spectrometer and its components [129].
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3.2.2.1 X-ray source

In an XPS gun, X-ray photons are produced by bombardment of an anode with high
energy electrons. A thermal source, which is usually a tungsten filament, emits electrons,
which are accelerated towards the anode using voltages in the kV range and then bombard
the selected surface of an anode. The energy of the electrons defines the X-ray photon
energy, and the photon flux depends on the electron current that bombards the anode. The
anode is held at a high positive potential. The electron trajectories toward the anode are
defined by the shape of the nose cone and the focus ring. Each face of the anode has its
own filament for excitation. The material chosen as anode should generate photons with
a high enough energy to excite an intense photoelectron from all elements. Usually, the
anode materials are aluminium and magnesium, which produce AIK, and MgK, photons
at 1486.6 eV and 1253.6 eV, respectively [127]. They form a twin anode in a single X-
ray gun. The X-rays are generated on the anode surface and pass through an aluminium
window and hit the sample. The aluminium window between the source and the sample
forms a partial vacuum barrier and allows the source to be differentially pumped.

A schematic of an X-ray gun is shown in Figure 3-11. The X-ray gun is always
water-cooled to remove the heat that is generated at the anode. It is used to cool the anode

to prevent the evaporation of aluminium and magnesium from the anode surfaces.
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Figure 3-11. Cross-section through x-ray source components [130].
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In our experiment the DAR 400 unit designed specifically for XPS was used as the
source. It has a twin anode with easy selection of either MgKa (1253.6 e¢V) or AlKa
(1486.6 eV) radiation. We used the Mg anode for our experiments.

3.2.2.2 XPS analyser and detector

XPS devices have a hemispherical sector analyser which contains a pair of
concentric hemispherical electrodes; the outer electrode is held at a more negative
potential than the inner. There is a gap between the two to allow the passage of the
photoelectrons, which are dispersed by the analyser according to their energy across the
exit plane that is located between two hemispheres. Analysers focus electrons in angular
dimensions, from the entrance to the exit plane, as in Figure 3-12.

There is an input lens that collects electrons and focuses them onto the entrance slit
of the analyser, and adjusts their kinetic energy to match with the ‘passing energy’ of the

analyser.

Our sample analyser was the EA 125 which was an energy radius (centre of the
flight path) of 125 mm in the electrostatic hemispherical deflection analyser.

electron
multiplier

X-ray
7 source

XPS spectrum

Figure 3-12. This figure shows the hemispherical analyser and its components (right)
[131]; it also shows the trajectory of the photoelectrons (left), where Ro is the electron
trajectory radius [132].
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3.2.2.3 Detector

Two kinds of electron multiplier can be used as the detector in XPS to count

electrons: channel electron multipliers known as channeltrons, and channel plates.

In our device, a channeltron (seven channel electron multipliers) was located across
the exit plate of the analyser, as a detector. The current of due to the electrons was
amplified by channeltron by a factor of about 108. This current pulse at the output of the
channeltron was passed through a vacuum feedthrough into a preamplifier, and then a

pulse counter for processing and generating an electron energy spectrum.

3.2.3 Sample preparation for XPS spectroscopy

As our samples were liquid, we needed to make a film using drop casting for XPS
experiments. In the first experiment, to choose a good substrate (is described in section
(3.2.5.1)) we tested molybdenum, copper, and HOPG as substrates. In the case of copper
and molybdenum, the substrates were first cleaned with acetone and isopropanol, and
then by the pure sample solvent. By using a clean pipe, a drop of 5 ul of sample was put
on the substrate; when the solvent had evaporated completely, the sample was ready to
insert to the load lock chamber. In the case of HOPG, we cleaved the surface of HOPG
by sellotape several times to be sure of having a fresh and clean surface, which was done
under a laminar flow of clean air. Similar to the other substrates, a 5 ul drops of sample

were dropped on the substrate.

In some experiments we used several drops to ensure a thicker sample layer and
higher concentration of clusters; the results of our investigation into different sample
thicknesses is discussed in chapter 5. In this case, each drop of sample solution was added
to substrate after the previous one had completely dried. HOPG, for reasons that will be

made clear later on, was chosen as substrate.

When we used silicon deposited in alcohol sample, by putting a drop of sample on
the substrate, we found that the sample immediately spread over the surface of and
covered the entire substrate, while in Si-water samples this did not happen. In the latter
case, we had to ensure the whole substrate was covered with the sample, rather than

dropping the sample onto it. The difference between an XPS peak of a Si-water sample
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for complete covered and imcomplete coverage of the HOPG substrate is shown in
chapter 5.

To start X-ray photoelectron spectroscopy, the pressure of the chambers should be
verified. The appropriate pressure for the preparation chamber was ~107*° mbar and for
analysis chamber was ~101! mbar. When the sample was ready (as described) it should
be inserted into the load lock chamber, which is then evacuated. When a suitable pressure
is reached, the sample is transferred to the preparation chamber and then subsequently
analysis chamber. It can take several hours to reach the appropriate pressures to allow for

transfer between chambers.

3.2.4 Recording XPS spectra

The XPS data acquisition software was EIS/EIS sphera, running in XPS experiment
mode. Before investigation of a specific peak, we needed to have a survey of the sample.
To do a survey scan, the parameters required [to be entered at the bottom of software
window] were: start point 0, end point 1200, 0.5 eV step, sweep 1 (number of scans; if
greater than one, software automatically averages), Dwell 0.2 s (dwell time was time to
record each data point, effectively an ‘exposure time’), CAE mode (Constant Analyser
Energy mode —see below), CAE/CRR ratio 50 (this ratio is related to a pass energy of 50
eV), high magnification, 6 mm diameter entrance slit and 3 mm x 10 mm exit slit.

Increasing the dwell time increased the data precision (signal- to- noise ratio).

The hemispherical analyzer can be operated in two modes, Constant Analyzer
Energy (CAE), or Constant Retard Ratio (CRR). In CAE mode, the pass energy of the
analyzer is kept at a constant value and the transfer lens system is scanned to retard the
kinetic energy of incident electrons to a range that can be accepted by the analyzer. The
CRR mode scans the lens system but also adjusts the analyzer pass energy to allow a
constant value of initial incident electron energy. For recording XPS spectra, CAE mode
is needed, whilst CRR is used for recording Auger spectra. Decreasing the CAE/CRR
ratio increased peak resolution. We always used high magnification mode and set the
entrance slits to their widest settings, as silicon produced in alcohol had very weak

intensity peaks.

The survey spectrum usually took a few minutes. By using the library feature of the

software, we could generally tentatively determine which peak belonged to which
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element. Figure A.2-3 in appendix 2 shows a sample survey, and the use of the library to
identify peaks. After getting the survey, the signal should be optimized (see appendix 2).
When the signal was optimized, a higher resolution scan across a shorter energetic region
could be performed for observed peaks. The narrow scans were used to define the
chemical state of the elements that presented in the sample, and additionally for
quantitative analysis. For higher resolution and to gain sharper peaks we used a
CAE/CRR ratio of 10, at the cost of signal intensity. For compensating the lower signal
we decreased the step width of the scan to 0.05 eV and increased the number of sweeps

and the dwell time.

3.2.5 XPS measurements

To investigate the chemical composition and electronic bonding of the samples we
used X-ray photoelectron spectroscopy (XPS), and concentrated on the peaks belonging
to silicon, oxygen, and carbon. We wanted to know how silicon atoms reacted with the
solvents and which chemical species might have formed. For example, would silicon
atoms break the hydroxyl bonds and react with carbon or would silicon react with [the

oxygen in] the water, or would we have pure silicon in the samples?

The binding energy for these elements and their components were found in the
literature and on the NIST website. According to the literature, compounds showed shift
in binding energy respect to bulk elements, we compared the measured peaks of our

samples with their values in references and found what material our samples had.
Our experiments consisted of:

1. Investigation of effect of thickness
e Si-water on HOPG (1drop)
e Si-water on HOPG (10 drops)
e Si-water on HOPG (10 drops — central on substrate). For this sample, we
made a film with ten layers of sample droplets but only in the centre of the
HOPG; we did not cover the whole of the substrate. For the other samples,
we covered the whole of the substrate with sample solution.
2. Investigation of effect of substrate
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e HOPG substrate. To find out whether our samples interacted with the
HOPG, or otherwise, and to record a background and reference for HOPG,
and the samples.

e Pure water on HOPG. We made a film with five drops of pure water, to
use it as a reference and background spectrum.

e Si-ethanol on HOPG substrate

e Si-ethanol on Mo plate

e Si-ethanol on Cu plate

3. Investigation of solvent effect

e Si-ethanol on HOPG

e Si-IPA on HOPG

e Si-water on HOPG

4. Investigation of solvent exchange effects on sample
¢ Si-ethanol sample transferred to IPA

e Si-ethanol sample transferred to water

[As a calibration of XPS experiments we used a silicon wafer as a reference for

pure silicon.]

3.2.5.1 Effect of substrate

AFM measurements showed the height of the nanoparticles to be in the region of 1
nm. For such small nanoparticle sizes, strong substrate effects were expected because a

large fraction of the atoms in the nanoclusters was in direct contact with the substrate.

Four peaks, which were silicon (2p), silicon (2s), carbon (1s) and oxygen (1s), were
measured to investigate substrate effects using three different substrates (HOPG, Cu and
Mo).

Carbon peaks existed in all XPS measurements because, during preparation, the

sample was exposed to air [133].

All experiments in this part were performed by one drop of sample solution, with a

volume of 5 pl.
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3.2.5.2 Effect of thickness of sample

An experiment was performed for different thicknesses of sample because we
wanted to determine if, by using a single drop and forming only one layer of film, to what
degree this layer might interact with the substrate; conversely, if we made a thick film
with several layers, whether the top layer would be able to interact with the substrate, and
thus we might detect variations in the XPS spectra of the two different environments. As
the AFM measurements showed a 1 nm height for our samples, we nominally assumed
that thickness of the sample was increased by around 1 nm with each additional layer
added. So, to investigate the effect of thickness, Si-water samples drop cast with different

numbers of drops were investigated.

For the first sample, one drop of sample was used for making a thin layer on HOPG;
for the second, 10 drops of sample were used to make a thicker sample. A film of 5 drops
of pure water was made on the HOPG to allow a reference to be recorded. A comparison
of XPS spectra of these samples and the reference is shown in chapter 5. In all cases, the
surface of HOPG was covered by the samples.

In another experiment, 10 drops of Si-water sample were put only at the centre of
the HOPG to determine if there was any different between the XPS spectrum of sample
on covered and uncovered HOPG. We expected to detect two different carbon peaks in
the spectrum of the uncovered sample, from HOPG itself, and from the sample itself or
the sample and its interaction with HOPG.

3.2.5.3 Solvent effect

To investigate the solvent effect on the chemical structure of the clusters, we
recorded XPS spectra for samples of silicon deposited onto a jet of water, ethanol and
isopropanol, respectively. 1 drop of 5 ul was used to make a film on an HOPG substrate

for all measurements in this experiment.

Si (2p) was the first peak which was investigated. The software library showed the
binding energies for bulk Si (?P112), Si (?Ps2) were 99.2 eV and 99.8 eV respectively. In
some references, the value for binding energy of Si (°Ps2) was defined as being between
98.80eV [134] and 99.85eV [135], but the most references found it at 99.83 eV [136-
139]. For Si (2p) generally (disregarding the spin state), the literature mentioned binding
energies from 98.40 eV [140] to 99.80 eV [141], with the majority of the literatures
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reported a value of 99.6 eV [142-148]. Our samples showed shifts with respect to the bulk
silicon (which are explained in detail in chapter 5) which may have been caused by
interaction of silicon with other elements in the solvents or substrate, but from the
variation of the substrates outlined in section 3.2.5.1 (substrate effect experiment) and
their results (see chapter 5), we learned that the clusters did not interact with HOPG, so
the observed shifts could only be due to silicon-solvent interacts or their size; (again, see

chapter 5).

To have guide for the interpretation we used the literature as reference to find
similarities between our peaks and those in the literature. Table 3-1 and Table 3-2 show
the binding energies of silicon compounds with carbon, hydrogen, and oxygen. By
comparing our XPS peak to these data, we could determine sample structure with a high
degree of confidence. These values, all belongs to SiOy, SiHx, and SiCx compound but

they are different in x value, so they show different shift respect to silicon.

Table 3-1. Silicon components and their binding energies.

Compound Spin  state/ | Binding energy (eV) Reference
Origin orbital

SiO 2p 102 [149]

SiO; 2p 103, 103.10, 103.20 [150, 151], [152], [153, 154]
103.3, 103.40 [155], [156, 157]
103.50, 103.60, [158], [151, 159, 160]
103.70, 103.80 [150, 161, 162], [163]
103.9, 104, 104.10 [147], [148, 164], [165]

SiC 2p 99.85, 100.1, 100.2, 100.3, | [166], [167], [167, 168]
100.4, 100.6, 100.7, 100.8 | [169], [167, 170, 171], [172,

173], [167], [162, 167]
SiH 2p 98.90 [174]
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Table 3-2. Silicon components of different amount of oxygen, carbon and hydrogen and
their binding energies. Different stoichimetries of each compound are shown by the

numbers.
Compound | Spin Binding | Reference | Compound | Spin Binding | Reference
state/ energy state/ energy
Origin | (eV) Origin | (V)
orbital orbital
Si0 0.4 2p 99.80, [175] SiC 1.3 2p 100.1 [171]
103.8
Si0 0.93 2p 101.90 [141] SiC15 2p 100 [171]
SiO 1.02 2p 102.20 [176] SiC 1.7 2p 100.30 [171]
SiO 1.05 2p 102.20 [141] SiC 1.9 2p 100.20 [171]
SiO 1.19 2p 102.40 [176] SiC 2.3 2p 100.20 [171]
SiO 1.24 2p 102.40 [141] SiH 0.01 2Py 98.90, 99 | [177]
SiO 1.35 2p 102.70 [141] SiH 0.02 P32 98.90, [177]
98.80
Si0 14 2p 99.80, [175] SiHO0.1 2p 99.60 [143]
103.8
SiO 1.49 2p 102.80 [141] SiH 0.2 2p 99.65 [143]
SiO 1.52 2p 102.80 [176] SiH 0.25 2Py 99.20 [177]
SiO 1.78 2p 103.10 [141] SiH 0.26 P32 99.10 [177]
Si0 1.8 P32 103.20 [178] SiH 0.33 P32 99.30, [177]
99.40
Si0 1.8 2p 103.80 [175] SiH 0.35 P32 99.50 [177]
Si0 1.9 2p 103.40 [157] SiH 0.40 P32 99 [177]
Si0 1.91 2p 103.20 [141] SiH 0.46 2P 99 [177]
SiO 2.05 2p 103.70 [176] SiH 0.47 P32 99 [177]
SiO 2.08 2p 103.70 [141] SiH 0.55 P32 99 [177]

The second important peak was the carbon peak. The binding energy for carbon

was given as 284.70 eV in the software library, whilst in the literature it was reported as
being in the range from 284.30 eV [179, 180] to 284.65 eV [181]; some references
reported a binding energies as low as 283.80 eV [182], and 284.18 eV [183] and as high

as 285.70 eV [182]. There were some shifts in our samples’ XPS carbon peaks because

of the binding of silicon and carbon (silicon carbide), and carbon and oxygen (carbon

monoxide or carbon dioxide). Reference components with these shifted values from the

bulk carbon are shown in Table 3-3 and simple comparison suggested we had these

components in our samples.
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Table 3-3. Carbon components and their binding energies.

Compound | Spin state/ | Binding energy (eV) Reference
Origin orbital

C/Si 1s 284.40, 285 [184],[185]

SiC 1s 281.26, 281.30 [186], [187]
281.45, 282.50 [188], [189]
282.60, 28290, 283.40, | [173], [162]
283.80 [170-172, 189, 190], [191]

SiC1.3 1s 283.30 [171]

SiC15 1s 283.20 [171]

SiC 1.7 1s 283.30 [171]

SiC19 1s 283.30 [171]

SiC 2.3 1s 283 [171]

C-O-H 1s 286.4, 286.5 [192], [193]

C-0-C 1s 286.5 [193]

C=0 1s 288, 288.4 [193], [192]

CO: 1s 291.90 [194]

The third peak investigated was oxygen, the binding energy for oxygen according

to software library was O (}Si12): 531 eV, and again there were some bonds between

oxygen and other elements in our samples such as carbon and silicon whose shifts can be

seen in our measurements (chapter 5). These shifts belonged to silicon oxide, carbon

oxide, and carbon dioxide. Table 3-4 shows several components and their binding energy

shifts with respect to elemental oxygen, as reported in the literature.

The forth peak investigated was Si (2s). The value for the bulk silicon was given as

150.5 eV according to software library. Our samples showed shifts to higher binding

energies, implying our silicon clusters were reacted with oxygen. Table 3-5 shows some

binding energies related to silicon (2s) and its compounds.

Table 3-4. Oxygen components and their binding energies.

532.50, 532.60, 532.70,
532.80, 532.90, 533,

533.10, 533.20, 533.30,
533.40, 533.70, 534.30,
533.80

Compound | Spin state/ | Binding energy (eV) Reference
Origin orbital
Sio 1s 532.50 [195]
Si0 1.8 1s 532.20 [178]
Si0 1.9 1s 532.60 [157]
SiO; 1s 532, 532.10, 532.30, 532.40, | [150], [196], [197], [198],

[197, 199], [197, 200], [156,
157], [201-203], [197, 203-
207], [197, 208], [197, 209],
[155, 210], [211], [195], [212],
[197], [147]
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Table 3-5. Silicon (2s) components and their binding energy.

Compound Spin state/ | Binding energy (eV) Reference
Origin orbital

Si 2s 150.50, 150.70 [213, 214], [142, 215]

SiC 2s 151.70 [191]

SiO/Si (different | 2s 150.20, 153.90 [216],[216]

level of oxidation)

Si/SiO; 2s 151 [217]

SiO; 2s 154.20, 154.30, 154.40, | [218], [156], [200, 219],
154.50, 154.60, 154.70, | [220], [160, 219], [219],
154.80, 154.90, 155.30 [211, 219], [219], [212]

3.2.5.4 Solvent exchange

Again XPS was used to compare the chemical properties and structure of the
clusters resulting from our solvent exchange experiments. As Figure 3-8 shows, the
sample was produced in ethanol; after recording its XPS spectrum it was split in two vials,
after evaporation of the ethanol, into one vial topped up with IPA and the other with

water, and the XPS spectra of these samples recorded.

3.2.6 Peak analysis with CasaXPS

For amore detailed analysis of the peaks, peak fitting/ analysis software (CasaxXPS)
[221] was used to study the shape of the peaks. Each peak in an XPS spectrum is a
superposition of several ‘component’ peaks; sometimes the asymmetry of the peak shows
this; whilst this does not preclude a symmetric peak from having several components, this
latter case is clearly more difficult to justify. We used this software to break down peaks
to their components. By matching the binding energy of the components with NIST data,
we could identify the elements observed and, possibly, determine something of their
structural and chemical environment in the sample. Figure 5-6 and Figure 5-7 in chapter

5 shows the analysis performed with CasaXPS for all Si-water peaks.

With CasaXPS, we chose the peak area and then tried to fit several curves until the
superposition of these curves was equal to the origin peak, so the main peak divided to
several sub peaks. We tried to fit 50%-50% of Gaussian-Lorentzian distribution to our

peak with Shirley background and tried to minimize the number of the peaks.
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3.2.7 Attenuated Total Reflection (ATR) and Fourier Transform
Infrared Spectroscopy (FTIR)

Infrared spectroscopy is used to identify the molecular composition of samples, and
it can be used for all kind of organic and inorganic compounds, but the molecules under
study must be IR active. FTIR can give some information about the compound and
chemical structure of the samples by comparing the spectrum of an unknown compound
with the literature.

FTIR-ATR spectroscopy measures absorption in the mid-infrared region. All atoms
in molecules are vibrating at any temperature above absolute zero; when the frequency of
this vibration is equal to frequency of the IR beam which is used to irradiate the molecule,
the molecule absorbs the radiation. A molecule in the sample absorbs a photon of infrared
radiation and is excited to a higher vibrational state. The energy of the photon should be
the same as the separation of the vibrational states in the sample. On the other hand, a
change in dipole moment should occur for a vibration to absorb infrared energy (strictly
speaking, the dipole moment must oscillate with respect to the field of the incident
radiation to be spectrally active). Frequencies of molecular vibrations are determined by
the masses in motion and the binding force between them (strength of the bonds), which
is directly related to molecular composition and structure (vibrational frequencies are
unique to any given molecular structure and electronic state). Figure 3-13 shows the type

of molecules vibrations.

Asymmetrical stretching Symmetrical stretching  Scissoring (bending)

* * * e
® ) ® o ® o
S)
Wagging (bending) Rocking (bending Twisting (bending)

Figure 3-13. Molecular vibrations. Molecules vibrate in symmetric or asymmetric mode,
and hence (in this case) IR active and IR inactive, respectively [222].
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This method can be used for gases, liquids and solids. The spectral range of IR
spectroscopy is from roughly 13000 to 10 cm™, and is bounded by the visible region at
high frequencies and the microwave region at low frequencies. For mid-infrared

measurements the region is from 4000 to 400 cm™™.

If quantitative analysis is required, the Beer-Lambert law can be used. This law can
be used for calculating the concentration of the sample. For a single compound in a

homogeneous medium, the absorbance at any frequency is expressed as:

A/I = EibC (323)

Where A; is absorbance of the sample, ¢; is the molecular absorptivity (which is as
function of wavelength), b is the length of the sample through which the beam passes,
and c is the concentration of the sample. The Beer-Lambert law shows the intensity of
absorption bands is linearly proportional to the concentration of the sample. This law
usually valid; however, at low concentrations, the measurement error can be large due to

low signal intensities and thus low signal to noise ratios.

Absorbance can be described by Equation (3.24):

A = —logy, (1) (3.24)

Io

Where o is the intensity of incident beam and I is intensity measured after passing

the sample, and it ranges from infinity to zero.

3.2.7.1 Principle of ATR spectroscopy

When light transits between two materials with different optical densities,
refraction occurs. If the transition is from a higher refractive index medium to a one of a
lower refractive index, the incident angle is smaller than the transmitted angle. When the
incident angle reaches a particular angle, the transmitted angle can align to 90 degrees
and the transmitted light travels parallel to the surfaces — i.e., along the interface — of the

two materials. This is called the critical angle.
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In ATR spectroscopy, an infrared beam enters the crystal at an angle greater than
the critical angle of the crystal, so the beam is totally internally reflected at the interface
of the crystal and the sample. Since the refractive index of the crystal is much higher than

the sample, the beam, in a classical sense, does not enter the sample.

In an ATR experiment, the beam propagates inside of an internal reflecting material
which is infrared transparent. As the beam is reflected off the inside surface of the crystal,
a small amount of this radiation, known as an evanescent wave, interacts with the sample,
by penetrating past the interface (this, it should be noted, is a quantum effect). Thus the
intensity of the beam is attenuated when the sample absorbs light in the IR region.
Depending on the refractive index of the crystal, the penetration depth can vary.
Penetration depth is the depth of the interaction of the evanescent wave with the sample,
and is equivalent to the pathlength (sample thickness) in a transmission measurement.
The depth of penetration is about a few microns only. In a multi-reflection ATR crystal,
the incident beam is reflected several times onto the interface and penetrates a [very short
distance] into the sample with each reflection. In a multi-reflection ATR crystal, the
pathlength is calculated by the penetration depth multiplied by the total number of internal
reflections in the crystal. The penetration depth at each reflection point depends on several
factors, such as the crystal and sample refractive indices, and is wavelength-dependent.
Waves with longer wavelengths penetrate deeper than those of a shorter wavelength.

Figure 3-14 shows a schematic of the process for ATR measurement.

The crystal is a high refractive index material such as diamond, germanium or zinc
selenide (ZnSe), and the sample always has a lower refractive index regards to crystal.
The crystal must also, of course, be infrared transparent. Diamond is the hardest crystal
and it has a very high refractive index. Sometimes it is used with a focusing element like
ZnSe to reduce cost and improve the optical energy throughput. Germanium is a fairly
hard crystal; it is resistant against scratching and has a high refractive index, so it can be
used for measuring samples which are heavily absorbing. For materials with weak
absorbance, a diamond ATR crystal is better because the penetration depth is higher and
gives stronger absorption bands. The refractive indices of diamond and germanium are
2.4 and 4.0, respectively, and yield an average penetration depth for diamond for a single

reflection of 2.01 microns, and 0.66 microns for germanium.
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Figure 3-14. This figure shows the principle of ATR spectroscopy. The number of
reflections depends on the length of the sample and the angle of the incident radiation
[223].

ATR measures the intensity of the reflected beam between the interface of the
crystal and the sample. ATR and FTIR spectra of a specific sample show identical peak

positions but differing intensities.

The condition for total internal reflection is:

Oor > 6 = arcsin (ﬁ) (3.25)

ny

Penetration depth, dp, in sample is described as below:

dy = 2/(2mn, [sin? 6 — n3,]"/2) (3.26)

Where 4 is the wavelength of incident beam, @ is incident light angle, and n is

refractive index.

3.2.8 Devices employed for ATR/FTIR experiments

The spectrometer model was a Nicolet iS5 spectrometer (Thermo Fisher Scientific,
Inc.) [224]. It could be used as an ATR or FTIR spectrometer by using the appropriate
ATR and FTIR accessories. The light source was an IR diode laser. It was equipped with
a DTGS detector and a KBr beam splitter [225]. The ATR and FTIR accessories are

described in detail in the following sections.
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3.2.8.1 ATR accessories

ATR measurements used an iD5 attenuated total reflectance device installed in our
Nicolet iS5 spectrometer [226]. ATR crystals of differing materials were used, as
appropriate to the wavenumber ranges required for analysis of any particular sample, and
for different penetrations depths of beam. For the results shown in chapter 5, diamond
and germanium crystals, which were iD5 diamond and iD5 Ge (iDR-Diamond and iDR-
Ge), were used. Diamond crystal was the strongest optical material which was available
as an ATR crystal with range of 650 - 4200 cm™ a 2.01 micrometer penetration depth at
1000 cm, a refractive index of 2.4 and useful a pH range of 1-14; diamond is also, of
course, chemically inert [223, 226]. The germanium crystal is a hard material with a high
refractive index which is useful for dark and strongly absorbing samples. It has a range
of 400 - 4000 cm™, a 0.66 micron penetration depth at 1000 cm™, a refractive index of
4.0, and a useful pH range of 1-14. Both crystals covered the mid-IR region, though with
some variation at the end of the low wavenumber region [223, 226]. The spectral range
was also affected by spectrometer configuration, the thickness of the crystal, the quantity
of the infrared light inside the crystal and the number of internal reflections inside the

crystal.

When a spectrometer accessory was installed, the spectrometer tested the intensity
automatically and showed the intensity of the light (as an interferogram) in the data
acquisition software. When the iD5 ATR accessory showed a smaller beam peak intensity
[in the test window of the software] than the beam peak intensity for the iD1 transmission
accessory because the ATR crystals themselves absorb energy. The ATR spectrometer
works in atmosphere, and can be used for liquid, film or solid samples. It had a pressure
tower (anvil) that should have been pushed down to press the solid sample onto the
crystal, though this accessory was not required for film or liquid samples. A diagram of
the iD5 ATR accessory installed in the Nicolet iS5 spectrometer and pressure tower are

shown in appendix 3.

3.2.8.2 FTIR accessory

An iD1 transmission accessory installed in the spectrometer was used for FTIR
measurements [227]. It can be used for solid, film, liquid and gas samples by use of

appropriate transmission substrates and cells. The transmission accessory used for
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transmission measurements is shown in appendix 3. An image of the liquid cell and a

schematic of its components is shown in Figure 3-15.
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Figure 3-15. Figure showing the liquid cell (left) and a schematic showing the cell
assembly (right) [228, 229].

3.2.9 Sample preparation for ATR spectroscopy

A 5 pl drop of solvent was put on the crystal, which had previously been cleaned
with acetone and pure sample solvent to cover the crystal. The drop was allowed to dry
completely before taking the background spectrum. To record a sample spectrum, a 5 pl
drop of sample was put on the ATR crystal. When the solvent had evaporated completely,
a very thin film of nanoparticles was left as a residue on the crystal. Then spectrum of the
film was recorded. ATR measurements can be performed in the liquid phase, but in our
case, because water and alcohol were being used as solvents their high absorbance
prevented us from being able to distinguish the silicon particles bands from solvent bands.

Hence, a thin film of nanopartilces had to be prepared by letting the solvent evaporate.

In some experiments, to increase the intensity of the peaks, several drops of sample
were used, with each drop being added only after the previous drop had dried completely.
At every step, a sample spectrum was taken. To measure the background spectrum for
these xperiments, a 5 pl drop of pure solvent was put on the ATR crystal and, after
evaporating, a background spectrum was measured. The background was taken once for

these experiments before starting sample measurements.
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In another method that was used for ATR measurements, a drop of sample was put
on cleaved HOPG, and the side of the HOPG on which the sample resided was placed on
the ATR crystal interface; by pushing down the pressure tower, the HOPG was pressed
to the ATR crystal. In this case, the background was taken with a clean solvent on cleaved
HOPG. In this method, several drops could be used to increase intensity. When this
method was used, we again needed to wait until each drop had completely dried before
the next was added. We used this method because when we put a drop of sample directly
on the ATR crystal, it could sometimes spread beyond the crystal edges. We believed that
our clusters were often being washed away past the crystal boundary by this method, and
so were not being detected by the ATR measurement. This particularly seemed to be the
case for the IPA solvent because it spread more easily than the other solvents, (conversely,
the most easily controlled solvent was water, where we could put small droplet of the

water sample on the ATR crystal without significant spreading).

In some experiments, we cleaved HOPG and used a fresh and clean layer which
was stuck on sellotape, and made a film with 5 ul of sample on the clean HOPG surface.
We used this method to ensure the use of just one thin layer of HOPG substrate in order
to eliminate any spectral features which might have belonged to underlying layers of
HOPG. A background spectrum for this method was recorded after putting 5 ul of sample

solvent on a single layer of HOPG and allowing it to evaporate.

3.2.10 Sample preparation for FTIR spectroscopy

To measure the FTIR spectra for liquid samples, a liquid cell with ZnSe windows
was used. There were different spacers to change the separation between the two
windows. To record the sample spectra, the liquid cell was filled with sample by using a
syringe. Caution was taken to ensure the cell was completely filled, and particularly that
there were no remain air bubbles or pockets as these would adversely affect the spectrum.
We left the light path empty to record background spectra before any sample

measurement.

To measure the transmission spectra of film, a 5 ul drop of sample was put on the
ZnSe substrate and the solvent allowed to evaporate, so just a sample particle residue
remained. Similar to ATR, if the intensity of the bands was very low, after drying the

solvent another drop of sample was added; this procedure was repeated until the intensity
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in the spectrum became acceptable. To record the background, 5 ul of pure sample solvent

was placed on the substrate and allowed to evaporate.

Before measurement, the cell and substrate were cleaned with acetone, IPA and

finally pure sample solvent.

3.2.11 Recording ATR spectra

To start the ATR experiment, the iD5 accessory with the relevant ATR crystal was
installed. The ATR spectrometer is a single-beam instrument, so to measure the
absorbance of the sample the background absorption spectrum had to be taken initially to
remove any effects of the atmosphere and ambient gas in the beam path. The sample
absorption spectrum could then be recorded, and the data acquisition software subtracted

the background automatically.

To record a background spectrum, the crystal was cleaned and left in atmosphere,
and set as the background spectrum in the data aquisition software during subsequent
recording. This showed the response of the system when no sample was present. We used

the same solvent which was used for the sample.

To collect data, using Thermo Fisher’s Omnic software [230] for data acquisition,
we chose the experimental parameters as follow: in the collect tab; Number of scans: 16,
Resolution: 4, Final format Absorbance for ATR measurements (Transmittance for FTIR
measurements), correction for water and COgz; in the bench tab; Detector: DTGS,
Beamsplitter: KBr, Source: IR, Accessory: iD5 ATR, Max range limit: 4000 cm™, and
Min Range limit: 400 cm™.

Absorbance bands in ATR measurements are shifted to lower wavenumbers
compared to transmittance bands. By comparing these data (which can be automated in
software), these shifts can be corrected. Also, Advanced ATR Correction Result could
have been set in the data acquisition software to correct the spectrum for the common
shift that always appears in ATR measurements (see appendix 3). All spectra shown in

this thesis are presented without this correction.

The measurements were performed for silicon samples which are produced in

water, ethanol, and isopropanol, in the liquid phase and as films.
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3.2.12 Recording FTIR spectra

Torecord FTIR spectra of our samples, we installed the iD1 transmission accessory.

As described, we used transmission measurements for liquid and film samples.

The liquid cell used for liquid sample measurements had different spacers to change
the gap between the two windows (see Figure 3-15). Different spacers allowed for
different absorption and transmission properties of the sample. By using larger spacers,
all the incident beam was completely absorbed by the water in Si-water samples;
absorption was also very high for alcoholic samples, so the smallest spacer (~20 microns)
was used. Even then, absorbance was still too high. Since absorption was also very high
for the pure solvents, we could not use solvents as background spectra to subtract from.
Consequently, the empty cell was instead used to measure the background spectrum.
Unfortunately, this presented severe difficulties in being able to distinguish silicon
compound bands from solvent bands, so we decided to measure the transmittance of the
samples as a film instead. The results of this study are shown in section 5.2.4 and appendix
5.

Transmission measurements of film samples proceeded in the same as ATR
measurements in terms of background and sample spectra, with the data aquisition
software automatically subtracting the background spectrum from the sample spectrum,
leaving just the pure sample spectrum. To record the background, a cleaned ZnSe
substrate was used and the absorption due to the substrate eliminated from the result. In
some experiments, the background spectrum was taken without the substrate; the
spectrum of cleaned ZnSe substrate was additionally recorded and subtracted manually
from subsequent sample spectra (in addition to the automatic subtraction of the

background).

The parameters used for transmission measurements were the same as ATR
measurements, but accessory iD1 transmission was chosen in the final format section of

the software

Similar to ATR measurements, transmission measurements were performed for
silicon samples which are produced in water, ethanol, and isopropanol. The results of the

film sample measurements are shown in chapter 5.



Chapter 3 Characterisation methods 72

3.2.13 Interpretation of ATR/FTIR spectra

Absorbance spectra show a distribution of absorbance intensities for a beam passing
through a sample over a range of wavelengths. The positions of the peaks are determined
by the functional groups causing the observed molecular vibrations produced by the
incident IR beam when absorbed by the molecule. Molecular vibrations are not exactly
harmonic; nevertheless, absorption happens for stronger vibration at near multiples of the

fundamental frequency.

The shape of the absorbance spectrum depends on each IR wavelength’s
absorbance by the sample, thus giving detail about the sample’s molecular structure.

An alternative definition to Equation (3.24) is Equation (3.27), which shows how
the absorbance spectrum is calculated. The value of sample spectrum in each wavelength
is divided by the value of background spectrum at the same wavelength, and the negative
logarithm of the result is value of absorbance in each wavelength.

A = —log,o(sample/background) (3.27)

In the spectral region 4000 to 2500 cm™, there are some strong absorption bands
which belong to stretching vibrations between hydrogen and some other atoms with mass
of 19 or less. O-H and N-H [stretching] vibrational frequencies are in the range 3700 to
2500 cm™, and in the range 3300 to 2700 cm* for C-H (depending on the environment of
the C-H bond). So bonds to hydrogen have higher stretching frequencies than those to

heavier atoms.

For a given type of vibration (e.g., a stretch) absorption bands for triple-bonds
molecules happen at higher frequency (2700 to 1850 cmt) than for double bonds (1950
to 1450 cm™), and both are higher than single bond molecules (except for bonds to
hydrogen).

As it is easier for a molecular bond to bend than to stretch, stretching frequencies

are generally higher for a given type of bond than its corresponding bending frequency.

The 1300 to 910 cm™ region in IR spectroscopy is known as the Fingerprint Region,
and is formed from a number of lower frequency vibrations that generally can’t be

individually distinguished but, taken as a whole, form another unique molecular
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signature; each compound, for all intents and purposes, has a unique ‘fingerprint’ in this

spectral region.

Table 3-6 shows some possible silicon compounds vibration and their wave number

and also some of the most important and famous bonds which are often exist in

ATR/FTIR spectrum.

Table 3-6. Some molecular vibrations with corresponding wave numbers.

and near the surface regions of porous
silicon

Wave number (cm™?) Compound vibration Reference
458 Rocking SiO [231-233]
460 Bending Si-O-Si [234, 235]
460, 467 Wagging vibration SiO, [236], [80, 237]
465 Rocking SiO> [232]

520 Si-Si in Si planes [235]
600-700 C-H deformation bending [238]
600-850 Bending /Wagging Si-H [239]

610 Si-Si bond vibrations in the bulk [240-242]
611 Si-Si bond [243, 244]
620 Si-Si bonds vibrations on the surface | [240]

630, 640, 670, 680

Bending SiH

[245, 246], [234, 235], [240],
[240]

in amorphous silicon

650-770 O-H bending (out-of-plane) [238]

660-690 Si-Si bonds [231, 247, 248]
675-730* RCH=CHR bending [238]

690-900 C-H bending [238]

706 Bending SiO> [235]

720-725 CH; rocking bending [238]

798, 849 Stretching Si-C and rocking CHs [249, 250], [249]
800, 806 Bending SiO> [232], [80, 237]
812 Si-O bending [231-233]

812 Si-O-Si bending in SiO; [231]

835 Wagging SiH. [234, 235]

870 Scissors SiH; [234, 235]
880-995 =C-H, =CH: bending [238]

882-885 Si203 [231, 251, 252]
900 Si-O-H bending [240, 253]

900, 910 Scissors SiH [239], [239]
905, 910 Scissors SiH; [243, 254], [243, 254]
935 stretching Si-O-Si [235]

937,948 Bending OH [255], [256]

940 Stretching vibration of oxygen doped | [232]
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950 Si-OH [257, 258]
960 Si-OH [259]
1000-1250 C-N stretching [238]
1020, 1090 Si-O-Si stretching vibration [260]
1025 Stretching SiO13 [232]
1040-1160 Stretching Si-O-Si [234]
1050-1150 Stretching Si-O-Si [261]

1055, 970-1250, 1000-1300

Stretching C-O

[262, 263], [238], [238]

1062

Stretching SiO19

[232, 264]

1065 Stretching modes of Si-O-Si bridges | [243, 265]
in SiOx
1075 Stretching vibration non-crystalline | [232]
SiO;
1082 Stretching on phase Si-O [231-233]
1084 Si-O-Si stretching in SiO; [231]
1090 Stretching SiO> [80, 237]
1100 Stretching Si-O-Si [234, 235, 240]
1100 Stretching SiO (SiO; vibrations) [239]
~1100 Si-O-H stretching [240]
1100 C-C-C bending [238]
1102 Stretching C-O [262]
1105 Stretching Si-O-Si [240]
1105 Asymmetrical stretching of Si-O-Si | [243, 266]
bridges in stoichiometric SiO»
1150 Asymmetrical stretching of Si-O-Si [243, 266]
1150 Stretching SiO, [232]
1177 Si-O Stretching out of phase [231-233]
1210-1320 O-C stretching [238]
1250 SiO3 [81]
1250+10 Si-CH3 [238], [253]
1261 CH; symmetric deformation of Si- | [267]
CH;s
1270 Si-CH3 [268]
1296 Stretching C-O [256]
1330-1430 O-H bending (in-plane) [238]
1350-1470 CH>, CHs deformation bending [238]
1395-1440 C-0O-H bending [238]
1412 CHz Asymmetric deformation of Si- | [269]
CH;s
1419 Bending OH [256]
1500 C=C stretching [238]
1500-1560, 1590-1650 N-H bending [238], [238]
1550-1650 NH, scissoring, NH, and N-H | [238]
wagging
1620 Bending OH [235]
1630-1680 C=C stretching [238]
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1636 Bending vibration of water molecule | [80, 237]
1721, 1710-1740, 1705- | Stretching C=0 [238], [238], [238], [238],
1720 (H-bonded), 1755- [238]

1820 (2-bands), 1735-1750,
1630-1695

1900-2000

C=C asymmetric stretch

[238]

2000-2300

Contains Si-H (SiH, SiH,, SiHs) and
H-Si-O stretching

[234, 240, 270]

2050-2150, 2087, 2100

Stretching SiH

[239], [243, 265, 271], [234,
235]

2100-2360 Si-H silane [238]
2100-2250 C=C stretching [238]
2100-2270 -N=C=0, -N=C=S, -N=C=N-, -Ns, | [238]
C=C=0 stretching
2106 Stretching SiH» [243, 265, 271]
2150 Stretching Si-H in Si>O [272]
2200 Stretching Si-H in SiO; [272]
2250 Stretching Si-H in SiOs [235, 272]
2200, 2250 Stretching O-Si-H [235], [234]
2240-2260 C=N stretching [238]
~2250 Si-H stretching modes which are | [235, 239]
characteristic for Si-H vibrations
where O is back-bonded to the Si
(105)
2250 Stretching H-SiO; [273]
2330-2360 Stretching SiHy [243]
2850-3000 SP3 C-H stretching [238]
2860 Symmetric stretching CH. [243, 274]
2921 Asymmetric stretching CH, [243, 274]
2960, 2905 Asymmetric stretching CHs [243, 274]
>3000, 3030 (may be | SP?C-H stretching [238], [238]
several bands)
3020-3100 =C-H, =CH; (usually sharp) [238]
3200-3550 (H-bonded) | O-H stretching [238]
usually broad
~3300 O-H stretching [239]
3300 SP C-H stretching [238]
3300-3400 N_H stretching [238]
3400-3580, 3580-3650 | Stretching OH [234, 235], [238]
(free) usually sharp
3440 OH stretching vibration coming from | [80, 237]
the silanol groups on the surface
which are hydrogen bonded to
atmospheric molecular water
3747 Vibration of surface isolated silanol | [80, 237]

groups




Chapter 4

Optical characterisation of silicon nanoparticles

4.1 Overview

Our goal in this project was the production of fluorescent silicon nanoclusters. As
explained in chapter 2, clusters are produced using a novel deposition method developed
within our group. In this chapter we have investigated the optical properties of silicon
clusters to explain how our product can be useful in application. To this end, we
characterised our sample(s) using fluorescence spectroscopy and UV/Vis spectroscopy to
define important physical characteristics such as fluorescence and absorbance intensity
and wavelength, fluorescence stability, chemical stability, quantum yield, and
fluorescence lifetime. We have also studied the dependence of these characteristics on
the solvent in which the particles were produced, the concentration of these solutions,
phase of the sample (liquid or film), exchange solvent, and temperature. In addition, the
effect of production parameters such as stagnation pressure, power of sputter head, length
and angle between target and liquid jet, and the duration of the deposition on the optical

properties of the samples have also investigated.

4.2 Characterisation of silicon nanoclusters by using
Fluorescence spectroscopy: Reproducibility of the
samples, and quality of the product
Each fluorophore has its own intrinsic fluorescence properties, though these can be

modified to some greater or lesser degree by their environment. We used fluorescence

spectroscopy to characterise the optical properties of the samples. The intensity, position

of the emission wavelength, quantum vyield and fluorescence lifetime are the most
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important characteristics required to describe a fluorophore. A fluorescence spectrum is
a plot of the fluorescence intensity as a function of wavelength. To obtain the fluorescence
spectrum of a sample, the sample is excited at a given wavelength and the emitted
intensity at different wavelengths is recorded; to record a fluorescence excitation
spectrum, the intensity of emitted light is recorded while the excitation light is scanned.
We measured the emission and excitation fluorescence of samples at different
wavelengths; for dispersed fluorescence, we empirically found the appropriate

wavelength to excite the samples was 270 nm.

To understand the production, we used different solvents as liquid jet, in the
following sections, the results of fluorescence measurements for silicon directly deposited
on ethanol, isopropanol and water are discussed in detail. The fluorescence measurement
was also performed for silicon clusters produced in hexane and formic acid (described
briefly below). We tried to use the solvent with high purity but, as we will explain later,
hexane and formic acid may contain some water impurities and, also as we will discuss
in next chapter, water has some carbon and other impurities like fluoride, chloride and
etc. All samples were produced using our experimental methods were fluorescent. The
samples produced with the liquid jet and deposition method all have strong, stable
fluorescence. Figure 4-1 shows a sample excited at 266 nm with a UV light which is

fluorescing blue.

All the samples’ spectra were recorded in the air and in liquid phase, unless those
measured with TSPC method at the synchrotron light source. There, the liquid samples
were investigated within a sealed, UV-transparent cuvette inside a vacuum chamber. The
films were investigated directly inside the vacuum chamber (as described in chapter 3).
Whether liquid and film samples were investigated is indicated in the figures labels and
captions. All the samples produced in the same conditions, different names only show

they were produced in different run of experiment.
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Figure 4-1. Figure showing blue fluorescence from our liquid sample in air.

4.2.1 Florescence of silicon particles directly deposited on isopropanol

Fluorescence spectra of all Si-IPA samples are shown in Figure 4-2 to show
reproducibility of the method. Samples were excited at 270 nm. The spectra show the
sharp Rayleigh peak of the scattered excitation light at 270 nm (which is at the same
wavelength as the excitation wavelength), the second sharp peak is a Raman peak, and
first and second broad peaks are the first and second fluorescence peaks, respectively,
with their second order peaks to higher wavelength. Isopropanol has two Raman peaks,
the first of which cannot be recognized as its intensity is very low (it can be seen if sample
is excited at longer wavelength because the fluorescence intensity is lower), whilst the
second can be seen at 295 nm. All samples show the first fluorescence peak around 310
nm and second fluorescence peak around 357 nm, except for sample A3, which has the
second peak at 400 nm, where there is a possibility of contamination with water. Table
4-1 shows the fluorescence wavelength of the first and second peaks for all Si-IPA
samples. The average wavelengths of the first and second peaks are 310.63 nm, and
357.90 nm, respectively; we excluded the sample A3 in the average for the second

fluorescence band.
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Table 4-1. Fluorescence peak position of Si-IPA samples (silicon deposited onto
ispropsnol liquid jet in vacuum). Excitation energy is 270 nm.

Sample First fluorescence band (nm) Second fluorescence band (nm)
Al 310+1 365+1
A2 310+1 365+1
A3 308+1 400+1
B2 310+1 358+1
B4 313+1 342 +1
C2 309+1 374+1
C3 311+1 353+1
C4 314+1 352+1
D2 308+1 368+1
D3 311+1 356+1
D4 313+1 346 +1
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Figure 4-2. Figure showing emission spectra of Si-IPA samples excited at 270 nm as
recoreded by a fluorescence spectrometer. The first peak at 270 nm is first-order Rayleigh
scattering, the second sharp peak at 295 nm is the first-order Raman peak of IPA, the
second-order scatter being seen at 540 nm and 590 nm. The fluorescence peaks of Si-IPA
samples can be seen at ~310 nm (first fluorescence peak) and ~357 nm (second
fluorescence peak).
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All samples were excited at different wavelengths ranging from 250 nm to 350 nm
to investigate the effect of excitation wavelength on fluorescence intensity and position.
In Figure 4-3, sample A2 is shown when excited at three different wavelengths.
Fluorescence emission occurs from the excited state independent of the excitation
wavelength. Therefore, as expected, Figure 4-3 shows the emission wavelength is
independent of the excitation wavelength and the wavelengths of fluorescence peaks are
constant. It means energy is transferred to localised fluorescent states, and fluorescence
originates from a localised transition. However, variation of the excitation wavelengths
changes fluorescence intensity (but not, of course, spectral position). This behaviour is
characteristic for defect luminescence [19]. Note the intensity of the second fluorescence

peak is increased with increasing excitation wavelength.

As the sample has fluorescence maxima at 310 nm and 365 nm, the excitation
spectra were recorded by emitting at these wavelengths (Figure 4-3). Excitation spectra
show different peak wavelengths, hence the first and second fluorescence peaks actually
originate from different excited states. It seems that by exciting at 270 nm, we excite the
first fluorescence band, and by exciting at 308 nm we have excited the second
fluorescence band. The first peak is more prominent at excitation wavelengths below 300
nm and the second fluorescence peak is more prominent at excitation wavelengths longer
than 300 nm.

As we explain in following section, we attribute the second fluorescence peak (365-
440 nm depending on the solvent) to cluster surface sites (see section 4.4). According to
our results, presented in the next chapter, and also from the literature, the second band
can be attributed to surface silicon in various oxidation states [84]. XRD experiments of
silicon nanoclusters show the blue fluorescence originates from oxidized amorphous
particles, which is similar to the blue luminescence reported in references [29, 79, 80].
The assumption of the fluorescence origin as for the second peak is the same for silicon
nanoclusters produced in any solvent. Conversely, the first peak was initially attributed

to bulk cluster, though this hypothesis later come into doubt (see section 4.4).
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Figure 4-3. Excitation energy dependence of the fluorescence. Sample A2 Si-IPA has
been excited at 250 nm, 270 nm and 308 nm (top figure). The emission wavelength is
unaffected by changing the excitation energy. The figure on the bottom shows excitation
spectra emitted at 310 nm and 365 nm. Their peaks are at 275 nm and 293 nm.
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4.2.2 Florescence of silicon particles directly deposited on ethanol

We produced two kinds of Si-ethanol samples; yellow samples and clear samples.
Yellow samples were produced with sputter head power higher than 50 W and clear
samples produced with power of 40-50 W. Here we only show the fluorescence spectra
of clear samples as the yellow samples had very week fluorescence intensities (lower than
1500 cps).

All Si-ethanol samples were excited at 270 nm, the results of which are shown in
Figure 4-4. All Si-ethanol samples have two peaks around 310 nm and 364 nm; when the
intensity of first peak is very high, as it is in some of our spectra, then the second peak
can appear merely as a shoulder to the first. Although 270 nm is the best wavelength to
excite the samples (since they show high fluorescence intensities when excited at 270
nm), it makes distinguishing between these two peaks difficult, so samples were
ultimately measured after excitation at 250 nm; although fluorescence intensity is lower,
the two peaks are clearer. The results of emission fluorescence of all Si-ethanol samples
are shown in Figure 4-4. The first Raman peak is obvious in the spectrum excited at 308
nm, and is located at 324 nm. The second Raman peak can be seen in all three spectra.
The second Raman peak is at 340 nm, 295 nm and 271 nm when sample is excited at 308

nm, 270 nm and 250 nm, respectively.

Table 4-2 shows the fluorescence wavelength of first and second fluorescence
peaks for all Si-ethanol samples. The average wavelengths of the first and second peaks
are 310.71 nm, and 364.14 nm, respectively.
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Figure 4-4. Figure showing fluorescence spectra of Si-ethanol samples excited at 250 nm
(top) and 270 nm (bottom). They have fluorescence peaks at ~310 nm and ~364 nm. The
two peaks at ~310 nm and ~364 nm appear to merge when excited at 270 nm.

Emission and excitation spectra of Sample A4 are plotted in Figure 4-5, which
shows the Si-ethanol A4 sample excited at 250 nm, 270 nm, and 308 nm. Emission spectra

at three different excitation wavelengths confirm the peaks at 310 nm and 370 nm to
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originate from fluorescence. The excitation spectrum of sample A4 emitted at 303 nm
and 370 nm. The spectrum for the sample emitted at 303 nm has two peaks at 238 nm and
278 nm in the excitation spectra, whilst spectrum for the sample emitted at 370 nm shows

two broad bands centred at 278 nm and 300 nm.
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Figure 4-5. Figure depicting the fluorescence spectra of the Si-ethanol sample A4 excited

at 250 nm, 270 nm, and 308 nm (top), and excitation spectra of sample A4 emitted at 303
nm and 370 nm (bottom).
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Table 4-2. Si-ethanol samples excited at 250 nm.

Sample First fluorescence band (nm) second fluorescence band (nm)
Ad 310+1 370+1
A5 310+1 370+ 1
B5 313+1 360+ 1
C5 311+1 366 + 1
C7 308+1 362+ 1
D6 315+1 361+1
D7 308+1 360+ 1

4.2.3 Florescence of silicon particles directly deposited on water

Similar to alcoholic samples, water samples were measured at different excitation
wavelengths; the results for excitation at 270 nm and 308 nm are shown in Figure 4-6 and
Figure 4-7. Amongst Si-water samples, most show the same shape and similar intensity
distributions whilst some have very high intensity peaks; the samples recorded are plotted
in two separate graphs because of this.

By exciting the Si-water sample at 308 nm, the peak at 420 - 440 nm is excited and
has highest intensity, so its position can be defined accurately. In measurement at an
excitation wavelength of 270 nm, samples show fluorescence around 420 - 440 nm (with
average of ~429 nm), but when they are excited at 308 nm all Si-water samples show a

peak around 420 nm (with average of ~421 nm).

Table 4-3 shows the fluorescence wavelength of the first and second peaks for all
Si-water samples. The average wavelengths of the first and second peaks are 309.50 nm,
and 429.35 nm (when excited at 250 nm) and 421.64 nm (when excited at 308 nm),
respectively. The second peak is slightly red-shifted when excited at 308 nm with respect
to the peak excited at 250 nm, because when the sample is excited at 250 nm, the first
peak will be excited so the position of the second band is not precise, but when the sample
excited at 308 nm the second peak will be excited so the position of this band can be

determined accurately.
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Figure 4-6. Figure showing Si-water samples excited at 270 nm. The plot on the bottom
shows the sample with lower fluorescence intensities, which have two fluorescence peaks
around 307 - 314 nm and ~430 nm, while higher intensity spectra (top) have peaks around
300 - 330 nm and 420 - 440 nm.
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Figure 4-7. Figure showing Si-water samples excited at 308 nm. All samples have a peak
at 420 nm.
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Table 4-3 Si-water excited at 250 nm and 308 nm

Sample | First fluorescence | Second fluorescence band | Second fluorescence band
band (nm) (nm), excited at 250 (nm) (nm), excited at 308 (nm)
1-1 312+1 437 +1 424 +1
2-1 312+1 428 +1 420+ 1
2-2 313+1 428 +1 420+1
2-3 307+1 432 +1 424 +1
3-1 311+1 422 +1 420+ 1
A9 312+1 430+1 424 +1
B2 307+1 428 +1 418 +1
B9 308+1 424 +1 424 +1
B10 308+1 424 +1 424 +1
C1 307+1 433+1 424 +1
C2 310+1 423+1 418 +1
C9 310+1 442 +1 422 +1
D1 308+1 434 +1 426 +1
D2 308+1 426 +1 415+1

Distinguishing the first peak is difficult in Si-water due to it having the same
wavelength as the associated pure water Raman peak and the fluorescence peak of the
clusters. However, if samples are excited at lower wavelengths, such as at 250 nm, the
first peak can be seen at ~310 nm similar to alcoholic samples (although its intensity is
very low when excited at 250 nm). This peak can be seen in Figure 4-8 and Figure 4-9

when samples C2 and C9 are excited at 250 nm.

Samples C2 and C9 show three different fluorescence peaks, the intensity of which
depends on the excitation wavelength. When these samples are excited at 250 nm, all
three bands are clear and distinct although their absolute intensities are very low. Each
peak becomes prominent when the sample is excited at an appropriate wavelength. As
Raman peak wavelength changes with excitation wavelength, at some excitation
wavelengths the Raman peak of water superposes with the fluorescence peak and makes
it difficult to distinguish the either the peak or, consequently, its position. All Si-water
samples may have these three peaks, but their intensity is very low and they are not

distinguishable.

In Figure 4-8 and Figure 4-9, sample C9 and sample C2 are excited at 250 nm, 270
nm, and 308 nm. The emission spectrum of sample C9 excited at 250 nm shows three
peaks, although their intensity is very low. The first peak can be seen at 310 nm when
they are excited at 250 nm. The second peak is observable when sample C9 is excited at
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250 nm, and it is also clear when sample C2 is excited at 270 nm. The third peak exists
in all spectra as its intensity is high enough to be observed directly. All excitation spectra
show three different excitation levels. Excitation spectra of sample C2 shows peaks at
230 nm, 284 nm, and 309 nm, which confirms from the fluorescence peaks of this water
sample that it has three different excited states. Excitation spectra of sample C9 emitted
at 420 nm and 440 nm, which also shows these peaks originate from different states. The
peaks are red-shifted with respect to those in sample C2. The excitation spectrum of
sample C9 shows fluorescence peaks at 275 nm when emitted at 315 nm, and at 270 nm,
311 nm, and 380 nm when emitted at 440 nm.

As the intensity of the second peak is very low, is a very broad band, and also was
seen in only these highly fluorescent samples (samples C2 and C9) we call the band at
~310 nm the first peak, and the band at 420 - 440 nm the second peak, in the following

discussion.

As explained in more detail in the next chapter, analysis confirms Si-water particles
are highly oxidized, and in all samples, oxygen bonds are responsible for the
luminescence of the sample. The intensity of the fluorescence of Si-water samples is
higher than alcoholic samples, and the literature suggests siloxene derivatives are the
origin of the strong room temperature luminescence in oxidized silicon [235], although
this is not the only possibile candidate and, as we discussed in the introduction, the blue
luminescence can originate from different species; as we will discuss later (see chapter

5), we attribute the fluorescence of our nanoparticles to various silicon oxide species.
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Figure 4-8. Figure depicting the fluorescence spectra of Si-water sample C2 excited at
250 nm, 270 nm, and 308 nm (top) and excitation spectra, fluorescence recorded at 340
nm and 420 nm (bottom).
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Figure 4-9. Figure showing fluorescence spectra of Si-water sample C9 excited at 250

nm, 270 nm, and 308 nm (top) and excitation spectra emitted at 315 nm, 335 nm, 420 nm
and 440 nm (bottom).
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4.2.4 Florescence of silicon particles directly deposited on hexane

Another solvent investigated was hexane, the fluorescence spectra for which are
shown in Figure 4-10. We expected to see different fluorescence bands as this solvent is
oxygen-free and aprotic, and was a good test to assess the effect of oxidation, (though
results were ultimately unsatisfactory in this regard, which may have seen caused by
contamination of the hexane sample with water). The Si-hexane sample shows its first
fluorescence peak at 310 nm similar to all others samples. The second peak occurs at 400
nm, which is directly between the fluorescence wavelength of alcoholic and water
samples. Our interpretation is that as the frozen sample defrosted in air, and was also
exposed to air during our investigation, and clusters became oxidised, so we observed the
band at 400 nm. Excitation spectra show peaks at 279 nm, and 343 nm; the peak at 343
nm has a shoulder at 315 nm. We produced only one hexane sample because its vapour

is harmful.
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Figure 4-10. Figure showing fluorescence spectra of Si-hexane sample excited at 250 nm,
270 nm, and 308 nm (top) and excitation spectra emitted at 320 nm, and 410 nm (bottom).

4.2.5 Florescence of silicon particles directly deposited on formic acid

A sample was produced in formic acid to test a sample with different dipole moment
and have another data point; its emission fluorescence spectra are shown in Figure 4-11.
The emission spectra have peaks at 325 nm and 425 nm. As formic acid has two Raman
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bands, it is difficult to recognize the peak at 325 nm, or if there is another peak at 310

nm.
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Figure 4-11. Figure showing fluorescence spectra of Si-formic acid sample excited at 270
nm, and 308 nm.

4.3 Characterisation of silicon nanoclusters using UV/Vis
spectroscopy: absorbance spectra, and electronic structure

of the samples

The fluorophores show different absorption spectra as they have different
structures. The absorption spectrum defines the population distribution of the molecule
in the ground state and thus the molecular structure in this level. Generally, excitation and
absorption spectra are supposed to show their peaks at same wavelength if molecule does
not undergo any other phenomena. The excitation spectrum is more accurate than the
absorption spectrum because it defines the emitting fluorophore, while the absorption

spectrum characterizes the sum of all absorbing molecules.

An absorption spectrum shows electronic, vibronic, and rovibronic transitions. The

peak in the absorbance spectrum corresponds to the pure electronic transition, and the rest
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of the spectrum is formed by several lines that correspond to rovibronic and vibronic

transitions.

In the following sections the absorbance measurement results of all samples are

shown.

4.3.1 Absorbance of silicon particles directly deposited on isopropanol

Absorbance spectra for all Si-IPA samples were recorded, the results of three
samples which are more similar are shown in Figure 4-12; the absorbance spectra of all
samples can be found in appendix 4. Although the emission spectra of Si-IPA are very
similar, and they have fluorescence peaks at the same wavelength, their absorbance
spectra are different, as only some of them have the same absorbance peak wavelength.
As the absorbance spectrum shows the effect of all absorption processes, not just the ones
lead to fluorescence, we can expect to see another bands in the absorbance spectrum; also,

this spectrum will show all absorption by all molecules in the sample, even the solvent.
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Figure 4-12. Absorbance spectra of Si-IPA samples.
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4.3.2 Absorbance of silicon particles directly deposited on ethanol

Absorbance spectra of two Si-ethanol samples (A4 and A5) are shown in Figure
4-13 and for other samples are shown in appendix 4. Some of these spectra show
absorbance peaks at the same wavelength at 280 nm, and very low intensity absorbance
at 480 nm. As can be seen in Figure 4-5, excitation spectra of sample A4 shows a peak at
278 nm, which is the same transition as the absorbance spectrum of sample A4, which
shows a band at 280 nm. The broad band at 480 nm may belong to other absorption

processes than fluorescence decay.
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Figure 4-13. Absorbance spectra of Si-ethanol samples.

4.3.3 Absorbance of silicon particles directly deposited on water

Absorbance spectra of two Si-water samples (C9 and C2) are shown in Figure 4-14,
and for other samples are shown in appendix 4. The absorbance of water samples is higher

than for alcoholic samples. Similar to alcoholic samples, they do not absorb at the same
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wavelength. The absorbance spectra of C9 and C2 are compared with excitation spectra
in Figure 4-15. The absorbance spectrum of sample C9 shows a band around 260 - 270
nm, which is the same as the first fluorescence excitation band for sample C9, which is
observed at 270 nm. Also, sample C9, (and some of other samples) show absorbance
around 340 - 380 nm (broad absorbance band), which is the same band as the third

fluorescence excitation peak for sample C9, which is observed at 380 nm.

The absorbance spectrum of sample C2 shows two shoulders, around 230 nm and
285 nm, which have the same wavelengths as the fluorescence excitation bands shown in
Figure 4-15 for sample C2, observed at 230 nm and 284 nm. There is a peak around 320
nm in absorbance spectrum of sample C2 that shows a red shift with respect to the

fluorescence excitation peak at 309 nm.
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Figure 4-14. Absorbance spectra of Si-water samples.
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4.3.4 Absorbance of silicon particles directly deposited on hexane

Wavelength (nm)
Figure 4-15. Comparison of absorbance and fluorescence excitation spectra of sample C2

The absorbance spectrum of Si-hexane is shown in Figure 4-16. The spectrum does

not show any intense bands, only a very low intensity shoulder can be seen at 275 nm

which is at the same wavelength as the first fluorescence excitation band shown in Figure

4-10.
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Figure 4-16. Figure showing the absorbance of Si-hexane.

4.4 Effect of solvent on absorbance and fluorescence

wavelength and intensity

The nature of the environment and its interaction with the nanoparticles can affect
all fluorescence parameters. Fluorescence spectra are unique to the [electronic] state
distribution of the molecules and, particularly, the structure(s) of the excited state of the
molecules that are populated in this distribution, so different molecules have different
fluorescence spectra. Fluorescence depends not only on the structure of the molecules but

also on their environment.

Emission and excitation fluorescence spectra of the samples produced in water,
isopropanol and ethanol are compared in this section. All samples were produced in
similar conditions. Figure 4-17 compares emission spectra at 250 nm; although the
intensities of the peaks are lower at this excitation wavelength, all peaks are much more
clearly resolved and the Raman peak is not too close to the first peak to prevent its
deconvolution. Figure 4-19 shows excitation spectra for the first and the second

fluorescence peaks.
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Figure 4-17. Figure showing fluorescence spectra of silicon clusters in isopropanol,
ethanol and water. Their first fluorescence peaks are at 310 nm for all samples, with the
second fluorescence peaks at 365 nm for Si-IPA, 370 nm for Si-ethanol, and ~440 nm for
Si-water. Fluorescence shows sensitivity to solvents. The fluorescence wavelength
depends on the solvent; alcohols show a blue shift in their fluorescence peaks relative to
water.

The model we had developed for such systems attributed the first fluorescence peak
to the bulk cluster, and is an intrinsic peak, so is always observed at the same wavelength
(310 nm) regardless of solvent because bulk clusters cannot react, or interact, with the
solvent itself; the fluorescence at same wavelength is due to a localised [bulk] transition,
and is identical for all samples. However, after measuring the lifetime (section 4.12.1) we
found samples produced in different solvents show different decay times for the first
fluorescence peak, which means they could not have the same structure, and thus that

they only coincidentally show the fluorescence feature at 310 nm.

The second fluorescence peak is attributed to cluster surface, so fluorescent states
are localised at the cluster surface and can thus interacts with the solvent; consequently,
the fluorescence that characterises surface sites will vary with solvent; that is, the second
peaks are solvent dependent. Fluorescence spectra show second fluorescence peaks at 365
nm for Si-IPA, 370 nm for Si-ethanol, and ~440 nm for Si-water samples. This
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dependency shows particles interact with the solvent, and in a manner that is dependent

on the solvent.

All produced nanoparticles show intense fluorescence whose peak wavelength
depends on the specific solvent used for the liquid jet. This wavelength dependence was
found to be related to the dipole moment of the solvent, the interaction between clusters
and solvent, and steric effects of the solvent, which can vary the type and strength of the
bonds affecting the energy levels of fluorescent sites on the surface. Depending on the
bond strength with the solvent, the ground and excited states can show greater or lesser
shifts with respect to each other, which may explain the observed solvent shift of the
fluorescence wavelength. According to Equations 4.1 and 4.2, the second band may
originate from silicon OH (SiOH") or SiO2 ‘defects’ at the cluster surface. Chemical
characterisation results in the next chapter attest to the blue luminescence of our samples

coming from silicon-oxygen binding at the cluster surface.

Si, + 2H,0 — 2SiOH™ + 2H* (4.1)
~Siy + 2H,0 - Si0, + 2H, (4.2)

To investigate dipole moment dependence as one possibility affecting fluorescence
peak wavelength, the energy of the peaks were plotted versus the dipole moment of the
solvent used; as can be seen in Figure 4-18, the peak position and dipole moment show a
linear relationship for IPA, ethanol and water, though this relationship did not extend to
hexane or formic acid, possibly due to water impurities. The linear relationship for
alcoholic solvents and water suggests that the transition frequency shift is predominantly
controlled by the dipole moment of the solvent. The sensitivity of the silicon nanoclusters
to the dipole moment is defined by distinct solvent shifts of apparently localised electronic
transitions. The solvent sensitivity and correlation of the fluorescence energy with solvent
dipole moments also suggests that the transition is localised at polar sites on the surface
of the clusters, and the interaction is controlled by dipole-dipole forces. When a molecule
absorbs energy, its dipole has an orientation different to that in the ground state.
Therefore, the molecule dipole-solvent dipole interaction in the ground state is different
from that in the excited state, and furthermore is unstable. The molecule must redistribute
energy to reorient the dipole and become stable. So, for a solvent with a higher polarity,

fluorescence happens at lower energies and, therefore, longer wavelengths. Alcoholic
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solvents have weaker dipole moments than water, so they show smaller red shifts in their
fluorescence peaks. One possibility is the existence of [silanol] OH groups on the surface
of the cluster allowing for different surface interactions, as it is well known that
hydrofluoric acid etched crystalline silicon forms a hydroxyl group upon contact with
deionised water [99], and we believe that a similar reaction may occur for our clusters.
The hydroxyl group has a strong dipole moment which should align with the dipole
moment of the solvent molecules, so inducing the spectral shift. The correlation of the
transition wavelength with the dipole moments of the solvents observed for our samples
indicates that the silicon OH group is hydrogen-bonded to the solvent molecules, and the
interaction between the solvent molecules and nanoparticles occurs via electrostatic and
hydrogen bonds. For a solvent with high dipole moment, the dipole-dipole interaction
needs a high amount of energy, and thus the peak position will be located at high
wavelength, which is exactly what happens for the Si-water sample. Although different
dipole moments may cause the spectral shift, this is not the only reason for the
fluorescence shift and, as mentioned earlier, the type of interaction between clusters and
solvent and steric effects can also vary the wavelength of fluorescence peak; also, as will
be explained in the next chapter, our samples show different levels of oxidation, so
different peaks can originate from species of different oxidation states.

According to our observation in chapter 5, the red shift in the fluorescence
wavelength may be related to oxidation state, so the Si-IPA fluorescence peak at 365 nm
belongs to SiO, the Si-ethanol fluorescence peak at 370 nm belongs to SiOx 1<x<2, and
the 420- 440 nm peak belongs to SiO.. Also chemical characterisation shows Si-water
samples in addition to SiO2 have SiO or SiOx bands, which could explain the existence
of three fluorescence peaks in fluorescence spectra of Si-water. Thus the peak around 380
nm, which exists in some Si-water samples, can be attributed to SiOx. As we explain in
the next chapter, Si-water samples show higher levels of oxidation than alcoholic
samples, so we attribute the band at 440 nm to oxygen-rich samples. All Si-water samples
show a band at 420 - 440 nm, which means Si-water samples are highly oxidised with
respect to alcoholic samples; although they are oxidised as well and also may have OH

groups at their surface, the silicon oxidation states in each are different (chapter 5).
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Figure 4-18. The relationship between dipole moment of the solvent and fluorescence
shift. The figure shows the energy of the fluorescence bands and that, therefore, the
fluorescence energy shift for alcoholic solvent and water depends on the dipole moments
of the solvents; the larger the dipole moment, the greater the shift to longer wavelengths.

The Si-hexane sample shows its first fluorescence peak at 310 nm, similar to all
other samples, which confirms our hypothesis regarding the existence of silicon bulk
nanoclusters and the origin of a fluorescence peak at 310 nm. The Si-formic acid and Si-
hexane did not satisfy our expectation for the second fluorescence band, which may have
happened because of other parameters which affect fluorescence or because of water

impurities in our formic acid and hexane samples.

The literature suggests that OH groups absorbed on a network of silica are
responsible for the green/blue photoluminescence in oxidized porous silicon [80], which
can be used to explain our sample fluorescence wavelength. Also, increases in OH group
concentration will increase photoluminescence emissions [80], which is also in accord
with our results. The increase in photoluminescence intensity may be explained as the
result of surface passivation by the chemical oxidizing treatment [243]. As
photoluminescence emission may be associated with Si-OH [80], or silicon oxygen
bonds, in all cases we believe that OH groups or silicon-oxygen bonds are formed at the
cluster surface, and not inside the cluster, because fluorescence peaks were dependent on
the solvent used. Also, since the intensity, and thus quantum yield, are dependent on the

number of emitted photons, they will be lower than emission that occurs in highly polar
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environments, so silicon deposited in alcohols shows lower fluorescence intensity than in

water.

In Figure 4-19 fluorescence excitation spectra of the first peak show the same
wavelength as the analogous excitation fluorescence band, which means fluorescence
may come from the same excited state (electronic transition) for silicon produced in all
solvents, although it may just happen coincidentally. For the second fluorescence peaks,
fluorescent states are solvent dependent and must therefore be localised at the cluster
surface. Fluorescence excitation spectra show different wavelengths for fluorescence
excitation bands, which means they come from different excited states. Si-water sample

shows several transitions at the same excitation wavelength.

The Stokes shift is the difference between the energy of the excitation and emission
fluorescence peaks. The Stokes shift is dependent on the structure of the molecules and
their environment. By comparison of Figure 4-17 and Figure 4-19, it can be seen that
clusters produced in different solvents show different Stokes shifts.
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Figure 4-19. Excitation spectra for the first and second fluorescence peaks. Top: samples
were investigated for the first fluorescence peaks; positions of the excitation spectra show
that silicon particles in three different solvents have the same excited state. Bottom:
excitation spectra of the second fluorescence peaks, which show sensitivity to the solvent
used in each case.
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Absorbance spectra of Si-IPA, Si-ethanol and Si-water are shown in Figure 4-20.
All absorbance spectra show a peak around 260-270 nm, which belongs to the first
fluorescence bands of the samples; blue shifts in the fluorescence excitation spectra for
the first peak in each sample, which show bands around 278 nm, are due to the relatively
low sensitivity of the UV/Vis spectrometer. Fluorescence spectra are more sensitive to

environment than absorption spectra.
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Figure 4-20. Absorbance of silicon clusters produced in three different solvents.

4.4.1 Jablonski diagram of silicon nanoparticles produced in different

solvents

To gain a clear prospective of the processes that happen for excitation and emission,
the schematics in Figure 4-21 and Figure 4-22 show Jablonski diagrams for the first and
second fluorescence bands for silicon deposited in isopropanol, ethanol and water
solvents. As can be seen, the excitation and emission energy for the first fluorescence
peak is the same for all solvents, but there are different excitation and emission energy
levels for the second peak which depend on the solvent used, and thus the interaction of

silicon with the solvent.
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Figure 4-21. Jablosnski diagram of the emission spectra. The diagram shows the
transitions for the first and the second fluorescence peaks for Si-IPA, Si-ethanol and Si-
water samples.
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water samples.
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4.4.2 Band gap measurements

To investigate the structure of the sample and the band gap of the species which
exist in the sample we have plotted the Taus plot for silicon in IPA, ethanol and water
(Figure 4-23). We use the direct band gap calculation to plot the Taus plot, as silicon in
nano range is a semiconductor with a direct band gap. For each sample there are several
absorbance bands which can be used to calculate the band gap. It can be shown that we
have several species — with different structures — in our samples, some of which may not
contribute to fluorescence processes, instead decaying non-radiatively. The plot suggests
different structures with band gaps between 4.1 eV to 5.8 eV. Si-water has the larger band
gap in three different samples. We cannot compare the band gap of our samples with
SiO> directly due to the cut-off of the instrument at 6.2 eV.

C9-Si-water J

s ——— A2-Si-IPA ﬁ .
150 |- A5-Si-ethanol i =1

—
T
E i
~—
— ]
I
o
1 1

*~ 100 HO} : i
@© I -

: - | P ] .

32 - S 4A7aey 5.847 eV f 1

[ 4.043 eV

/

- 90 35 40 45 50 55 60 65

5.108 eV

5.562 eV 4

5.821 6V,
5.012 eV / ]

rulF T T Y

O b v/
2.0 2.5 3.0 3.5 4.0 4.5 50 55 6.0 6.5

w (eV)
Figure 4-23. Taus plot of Si-IPA, Si-ethanol, and Si-water. The band gap can be
calculated from this plot, as shown by the arrows.
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4.5 Fluorescence stability

The fluorescence emission spectrum of a Si-water sample (C2) was measured
immediately after production and, subsequently, a year later in order to investigate the
stability of the fluorescence. The result of this study is shown in Figure 4-24.

The measurements show the fluorescence intensity barely changed over this time
frame. So, the fluorescence of the sample is stable in the term period without requiring
any kind of [chemical] stabilisation. Also, clusters formed a stable phase in water and did
not agglomerate. The results of other groups who used other methods to produce silicon

nanoclusters show the clusters are not stable, and their fluorescence spectra changed after

a while even when using a stabilizer.
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Figure 4-24. Figure showing emission spectra of a Si-water sample which was measured
when produced (June 2012) and a approximately a year later (April 2013). The results
show the samples are chemically stable.
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4.6 Concentration of sample

A dilution experiment was performed for two samples, Si-ethanol (sample A5) and
Si-water (sample C9). The fluorescence emission and excitation and absorbance of the
samples were measured at each dilution step. The results of this experiment are shown in
Figure 4-25 to Figure 4-28.

A Stern-Volmer plot of Si-ethanol sample is shown in Figure 4-26; the intensity
was plotted versus concentration. As can be seen, the increasing intensity of the
fluorescence peak with concentration is linear for the first six steps of dilution, but then
deviates from a linear regime and becomes a plateau. This shows that at high
concentration, fluorescence is quenched. This can happen for two reasons; in high
concentration, fluorophores collide with each other and lose energy, so the intensity is
less than the nominally expected value or, at high concentration, the concentration of non-
fluorescent molecules is also high, so they collide or bind with fluorescent molecules,
thereby lowering intensity. Although the fluorescence is quenched at high concentration,
still the intensity of the fluorescence is higher than at low sample concentrations, purely
because the number of fluorophores is higher (in the absolute sense). By increasing
fluorescence intensity at higher concentration, the intensity of the Raman peaks and
scattered light peaks are consequently decreased, because of the competition between
these processes. So, at higher concentrations, the number of fluorophores in the solvent
is higher and leads to higher fluorescence intensity. In low concentrations, the number of
solvent molecules — which cause scattering — is very high, so the scattered light intensity

is higher.

Absorbance spectra of diluted samples are compared and the relation between them
is plotted in Figure 4-27. The results show that by increasing the concentration of the
sample, the absorbance increases. As absorbance has a linear relationship with
concentration (according Beer-Lambert law), it confirms fluorescence was quenched,
because it shows fluorophores absorb light in high concentration but did not fluoresce,
instead losing energy through collisions or the formation of non-fluorescent compounds.
The linear relationship between absorbance and concentration shows the chemical

stability of the sample.
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Figure 4-25. Si-ethanol sample, diluted in ten steps (by a factor of two at each stage).

Fluorescence intensity is decreased by dilution. The insets show scattered light and the
last seven steps of first fluorescence peak. The sample was excited at 270 nm.
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Figure 4-26. Figure showing the Stern-Volmer plot for Si-ethanol. As can been seen, the
intensity of the Rayleigh peak and the Raman peak decrease with increasing the
concentration whilst the intensities of the two fluorescence peaks increase.
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Figure 4-27. Figures show the changing absorbance of the sample with concentration.
The absorbance was measured usign a UV/Vis spectrometer. The relationship between
absorbance and concentration is linear.

The same dilution experiment was performed for the Si-water sample; the results

are shown in Figure 4-28.
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Figure 4-28. Dependence of fluorescence intensity on concentration. A Stern-Volmer plot
shows fluorescence intensity decreases with decreasing concentration, and that this
relationship is linear. There is a clear deviation from a linear relationship for the original
sample, which is shown with red line.

The Stern-Volmer plot shows a linear relationship between intensity and
concentration in the sample produced in water, which means quenching did not happen
for the Si-water sample, however it shows deviation from linear relationship at high
concentration. The data point at high concentration belongs to nondiluted sample. The
deviation for this data point may arise from two different ‘types’ of water (they may be

different in purity) to produce the sample and to dilute the sample. If an unknown
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impurity in water (such as Na*, CI" and other ions that are difficult to remove below the
ppm level) was responsible for the chemical activation or deactivation of fluorescence,
then a change of the solvent could produce a change of fluorescence intensity. The present
results can be interpreted in terms of an impurity rather than quench fluorescence. The
linear relationship between fluorescence intensity and the concentration shows the
dynamic stability of the Si-water sample.

4.7 Solvent exchange

To assess whether solvent dependence could be due to chemical reactions during
nanoparticle growth on the surface of the liquid jet, and also to know the dependence of
fluorescence to the solvent that the nanoparticles are kept in it, a solvent exchange
experiment was performed where the samples were completely dried and then dissolved
in another solvent. The sequence was repeated four times; fluorescence spectra were
recorded each time at 250 nm, 270 nm and 308 nm excitation wavelengths (some of these
wavelengths are shown here). Also, the solvent exchange cycle was repeated several
times to investigate whether the solvent exchange was reversible or not. Figure 4-29 to
Figure 4-33 show the results of investigating the difference between directly deposited

samples and transferred samples.

Figure 4-29 shows the fluorescence spectra of silicon nanoclusters exchanged
between ethanol and IPA in four steps. The fluorescence peaks alter between Si-ethanol
and Si-IPA wavelength and intensity, by changing the solvent. In our previous model, the
first peak is not solvent dependent, but is rather an intrinsic fluorescence peak indicating
a possible location of the fluorescence site in the bulk of the nanocluster. The first peak
does not shift when changing the solvent; in our hypothesis, this is presumably due to the
non-polar character of the fluorescence site or a site location in the bulk volume of the
nanoparticle. However, we already believe it happens at the same wavelength
coincidentally. The second peak depends on the solvent, and must be associated with
transitions at the cluster surface, and shifts with changing solvent due to clusters-solvent
interaction. Also, the spectra show that the second peak is reversible when the solvents
are repeatedly exchanged. In the third step of this process, when the nanoparticles are

transferred back to ethanol, the IPA solvent did not evaporate completely, so some
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digression can be seen in the third spectrum from that expected/ previously recorded for
nanoparticles in pure ethanol. This indicates the solvent is trapped by the clusters and the

bonds between solvent and cluster are not broken completely during the evaporation of

the solvent.
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Figure 4-29. Figures showing the repeated transfer of the sample between ethanol and
isopropanol over four steps. The original sample was produced in ethanol. In the top
figure, samples were excited at 250 nm and show that the first peak did not change with
solvent, but that second peak, which showed solvent dependence in the previous trials,
did. In the bottom figure, samples were excited at 308 nm. Here, it is clear that the second
peak changed with [each] solvent exchange.
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Figure 4-30 shows the fluorescence spectra of four exchange steps of silicon
particles between ethanol and water. A deviation for the second fluorescence band from
the original spectrum can be seen in Figure 4-30 when the sample was transferred back
to ethanol. This may have happened because of bonding between clusters and water
molecules when sample transferred to the water, and when sample is left to evaporate, the
solvent does not evaporate completely. To eliminate this deviation, we repeated this
experiment with another sample such that the cluster was transferred between isopropanol
and water; see Figure 4-31. Similar to other solvent exchange experiments, the first peak
does not change when nanoparticles are transferred to another solvent, but the second
peak changes in proportion to the dipole moment of the solvent, although the chemical
interaction between cluster and solvent can also affect this shift. The peak at 420 - 440
nm (which belongs to Si-water samples) arises when clusters are topped up with water
and disappears when clusters are returned to IPA. And, the peak at 360 - 380 nm (which
is associated with Si-IPA samples) exists in the Si-IPA solution, but not in Si-water. The
intensity of the first peak increases after first transferring. We don’t know why this
happens, but it is observed in several experiments when solvents are exchanged or

solvents are mixed together.
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Figure 4-30. Figure showing the result of repeatedly transferring clusters between ethanol
and water over four steps.
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Figure 4-31. Figure showing replacment of IPA with water, and water with IPA, over four
steps. Silicon clusters were produced in isopropanol. All spectra show a peak at 310 nm,
which we attribute to intrinsic fluorescence of the bulk species in the nanoparticles. A
second peak appears at ~370 nm and at ~420 nm, depending on the solvent. By swapping
the solvents, the position of the second peak changes. Two spectra which belong to water
have a peak at ~420 nm, and three spectra which belong to isopropanol have peak around
370 nm. The results also show that this process in reversible.

The excitation spectra and absorbance of directly deposited sample and transferred
sample are compared in Figure 4-32 and Figure 4-33.

The wavelength (energy) of the excitation fluorescence peaks of transferred

samples is exactly the same as directly deposited samples (see Figure 4-19).
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Figure 4-32. Figure showing fluorescence excitation spectra of directly deposited Si-
ethanol and silicon particles transferred to IPA and water. The top figure shows
fluorescence spectra which belong to the first fluorescence peak (Aem=310 nm). Similar
to directly deposited samples, it shows the fluorescence of the first peak is not solvent
dependent. The bottom figure shows excitation spectra for the second fluorescence peaks
(Aem(aiconon=360 NM, Aemwaten=420 nm) are solvent dependent, similar to the directly
deposited sample.
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Figure 4-33. Figure showing absorbance of the original sample (Si-ethanol) and the
absorbance when nanoparticles were transferred to IPA and water. The results are similar
to those for direct deposition samples.

The results confirm that the transitions associated with the second peak are
reversible in transfers between solvents and that the first peak is constant in all solvents.
Comparison of fluorescence spectra of transferred samples with directly deposited
samples for any specific solvent shows solvent transfer is equivalent to deposition onto
different solvents, and transferring the sample to the new solvent is the same with the
directly deposited sample. Clusters can be produced in any solvent, and depending on the
application and required wavelength, they can be transferred without problem to an

appropriate solvent.

As the results show, the reversibility of the solvent exchange wavelength shift
appears to support a consistent change in silicon oxidation state of the surface of the

cluster.
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4.8 Quantum yield

The quantum yields of two Si-water samples (samples C9 and C2) were calculated
by comparing the fluorescence and absorbance of each sample with stilbene 3 as a
reference, using Equation (3.16). Stilbene 3 and both samples have fluorescence maxima
at 422 nm. The absorbance peak for the reference and sample C9 is at 345 nm and for
sample C2 is at 320 nm. As we excited samples at 308 nm for emission spectra (which is
the stilbene 3 excited wavelength), the absorbance at 308 nm was measured to calculate
the quantum yield. And, because the reference and sample C9 have the same absorbance
wavelength, we recalculate the quantum yield for sample C9 by using the absorbance

value at 345 nm for the reference and this sample.

The quantum yield measurement for Si-water sample C2 with fluorescence at 422

nm and absorbance at 308 nm:

2 6308
Flye n 8/ 1.33
1) = : ( CZ) ) = 289234 0.76) = 0.087 4.1
sample AbSco ibsye ref 0. 133807/0 074412 (1 36) ( ) ( )

The quantum yield measurement for Si-water sample C9 with fluorescence at 422

nm and absorbance at 308 nm:

e fen ;e\ 35858 /)80234 (133
s _ re ( 9) .. = 4 0.76) = 0.0837 (4.2
sample Absco ubs,. ref = 0. 079536/0 074412 (1 36) ( ) ( )

Nref

The quantum yield measurement for Si-water sample C9 with fluorescence at 422

nm and absorbance at 345 nm:

Flco

Fle 2 35858, 133
— L0, (“09) 0 s (LU ) (0.76) = 0.104  (4.3)

ref = 0.067307
Absyep NS r= /0.078214 \1:36
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So the quantum vyield for the water sample is between 8% and 10%. The
fluorescence intensity is proportional to the quantum yield, i.e., a high quantum yield

leads automatically to a high fluorescence intensity.

4.9 Oxidation investigation

As IR and XPS spectra (as discussed in the next chapter) suggest our particles are
very reactive in water and can become highly oxidized in water, either in directly
deposited samples or when particles are transferred to water. To investigate this
hypothesis by fluorescence spectroscopy, we added one drop of pure water to a Si-IPA
sample. The sample was measured before and after adding water. The result is shown in
Figure 4-34.

The sample which was investigated was Si-IPA, which has two fluorescence bands
at 310 nm and 365 nm. The intensity of the first peak is strongly increased by adding only
one drop of pure water to the sample for reasons that are properly not understood. In
addition, the peak at 440 nm appears which, according to all previous experiments with
pure samples, is characteristic of Si-water samples. We will see later that samples that are
brought in contact with water show features of oxidation in the IR and XPS spectra. We
therefore can attribute this peak at 420 - 440 nm to change in oxidation state, the same as
the sample produced in water. So, addition of one drop of water changes oxidation state

of the clusters, and generates the new fluorescence states.
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Figure 4-34. Figure showing the changing fluorescence profile of an Si-IPA sample when
a drop of pure water was added. As can be seen, by adding only one drop of water, the
peak at 440 nm appears and the peak at 360 nm almost vanishes. The sample is excited
at 270 nm. The figure in the bottom shows the whole spectrum, while the figure on the
top shows an expanded view of the spectrum.

4.10 Time-correlated fluorescence spectroscopy

The samples were measured at the Superlumi end station at beam I, Hasylab, Desy
using the time-correlated single photon counting method. Time-correlated fluorescence
excitation spectra, decay lifetime and spectrally dispersed fluorescence spectra of clusters
in solutions and of cluster films on suprasil substrates were recorded under UHV

conditions. The device in Desy had a bad spectral resolution in the fluorescence spectra
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compared to the device we used earlier in Leicester. In this investigation we could detect
the different components that attended to form the fluorescence and excitation spectra.
The components were scattered light, the slow component of fluorescence, and the fast
component of fluorescence, and also the device showed the integrated spectra of all these

components, as the int component.

Experiments were performed for the film and liquid phases of the samples in three
different solvents. Samples were investigated at different emission and excitation
wavelengths. In this section, time-correlated fluorescence spectra were plotted for one
emission and excitation wavelength for the int, fast and slow components of each sample;
other spectra of other emission and excitation wavelengths can be found in appendix 4.
The results presented here were detected by a photomultiplier; all samples were also

measured by a CCD, the results from which are very similar.

In these experiments we used filters (WG225 and WG280) for each measurement
to remove higher orders of the scattered excitation light. Each filter has its specific cut
off wavelength. The filter WG280, has a cut off wavelength at 280 nm and removes all
the scattered light below 280 nm; WG225 removes light below 225 nm,

We normalized all the excitation spectra, some of which are shown in appendix 4;
here, the excitation spectra without normalization (raw spectra) are shown because the
peak wavelength did not change after normalization, but distinguishing the peak is
difficult when spectra were normalized as the baseline increased due to the detector’s

wavelength cut off.

4.10.1 Si-ethanol liquid sample

For emission measurements, filter WG280 was used. Experiments were done at
room temperature. The sample used was the silicon directly deposited in ethanol (sample
B5) in the liquid phase. An excitation measurement at 310 nm was performed at room
temperature and by using filter WG280. The fluorescence emission and excitation spectra

are shown in Figure 4-35.

The emission spectrum shows a peak at 304 nm, which is very close to the
wavelength of the first fluorescence peak in the emission spectra [recorded in our lab].

The int component shows a shoulder around 350 — 360 nm, which coincides with the
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second peak position. Excitation spectra also show two peaks: the first is a broad band
centered at 210 nm, and a second at 275 nm. The excitation spectra are typical rather for
molecular structures than band gap systems. The energy matches with the prediction in
reference [18] and is presumably due to the vertical excitation of Si-OH, although this is
just a hypothesis. The band at 275 nm was observed in our previous measurement as well,

but due to the range of fluorometer we could not detect the band at 210 nm.
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Figure 4-35. Figure showing emission (top) and excitation (bottom) spectra with int, fast
and slow components for Si-ethanol in the liquid phase. The fluorescence peak is at 308
nm. The excitation spectra were cut off at 190 nm due to suprasil’s cut-off wavelength.
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4.10.2 Si-ethanol film sample
The same sample that was investigated in the liquid phase (sample B5) was used to

form as a film for further investigation, the results of which are shown in Figure 4-36.
Filter WG225 was used for excitation and emission measurements. The experiments were

performed at room temperature.
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Figure 4-36. Figure showing emission (top) and excitation (bottom) spectra with int, fast

and slow components for Si-ethanol in the liquid phase.
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The sample shows a fluorescence peak at 294 nm. The second fluorescence peak
cannot be detected in the emission spectra because the intensity of scattered light at 400
nm is too high, and was not removed properly by the filter. The film sample shows the
first fluorescence peak at very close, but slightly shorter, wavelength than the liquid
sample measured previously. An excitation peak was observed at 198 nm. It has a
shoulder to shorter wavelength. There are two other excitation peaks at 220 nm and at
around 250 - 260 nm.

We investigated another sample in the film phase at room temperature (sample B6),
the results of which are shown in Figure 4-37. For emission spectra, filter WG225 was
used. The excitation spectra of the sample were also measured, for which filter WG280

was used.

The emission spectrum has the same first peak as the liquid samples at 294 nm, but
the second peak shifts to the longer wavelength in comparison to the liquid sample
recorded previously. The fluorescence spectra of film samples show two components.
The fast component has a peak at 415 nm, and is similar to the spectrum of clusters in
water in that it shows a red shift with respect to the Si-ethanol liquid sample. The slow
component, peaking at 450 nm, is comparatively weak (it can be seen if this region is
expanded vertically by a factor of 10). The spectrum of the slow component of the
fluorescence matches perfectly with the spin-forbidden T: — So fluorescence from
oxygen deficient defects in amorphous silica [275]. The excitation spectrum shows its
peak at 203 nm with a shoulder at 228 nm, which is the same as was found previously. It
also shows a second excitation peak at 295 nm, which is the same band as for Si-ethanol

liquid measured in Leicester (in our lab).

The first excitation peak for the liquid and film samples is almost identical, and
occurs around 200 nm; this suggests the origin of first fluorescence peak of the film and
liquid samples is the same and thus comes from the same excited state (electronic
transition). The wavelength of the first fluorescence peak in both the liquid and film
samples is the same, and observed in both at around 300 nm. As in our model this
fluorescence peak is intrinsic, and is attributed to the bulk cluster, so evaporating the

solvent should not affect this peak. The results confirm our hypothesis.
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Figure 4-37. Figure showing emission (top) and excitation (bottom) spectra with int, fast
and slow components for a Si-ethanol film sample. Fluorescence peaks are at 294 nm and

415 nm. The excitation spectrum shows peaks at 203 nm, 228 nm and 295 nm.

4.10.3 Si-1PA liquid sample

The emission and excitation fluorescence measurements of the Si-IPA liquid

sample (sample A1) were performed at room temperature, and are shown in Figure 4-38.

Filter WG225 was used for emission measurement and filter WG280 was used for

excitation measurement.
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Figure 4-38. Figure showing emission (top) and excitation (bottom) spectra with int, fast
and slow components for Si-IPA in the liquid phase. The fluorescence peak is at 306 nm.
The excitation spectrum shows a peak at 206 nm.

Similar to all other samples, this sample’s spectra show a fluorescence emission
peak at 306 nm and a fluorescence excitation peak at 206 nm with a shoulder at 217 nm,

but do not show any peaks at longer wavelength.
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4.10.4 Si-IPA film sample

Experiments on Si-IPA film (sample C4) were performed at room temperature, and
filter WG280 was used for emission and excitation measurements. The results are shown
in Figure 4-39.

In emission spectra, the first fluorescence peak is the same as all other samples (at
300 nm) and the second peak’s wavelength is almost the same wavelength as for the Si-
ethanol film sample. The second peak at 412 nm shows a red shift with respect to the Si-
IPA liquid sample [measured in our lab], which shows second peak at 365 nm. This may
happen because of oxidation. Silicon clusters at the surface have bonds with solvent
molecules; when the solvent evaporates, the bonds between clusters and solvent are
broken, exposing the sample to atmosphere and thus causing oxidation (although a
surface layer of solvent will not necessarily all evaporate, especially for water). Therefore,
the peak wavelength observed here is the same as the peak wavelength observed for the
Si-water samples, which has higher level of oxidation with respect to the alcoholic
samples. There is another band at 585 nm which may be the second order of the first

fluorescence peak.

Excitation spectra show five bands at 100 nm, 115 nm, 145 nm, 200 nm and 294
nm. The band at 200 nm was always observed. This may be the second harmonic of the
band at 100 nm. As the intensity is very high for this sample, those peaks between 100
nm to 200 nm could be detected. We did not observe the peaks with wavelengths shorter
than 200 nm for liquid samples due to suprasil’s cut off wavelength. The peak at ~294

nm was observed in the Si-IPA liquid sample measured in our lab in Leicester.
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Figure 4-39. Figure showing emission (top) and excitation (bottom) spectra with int, fast
and slow components for Si-IPA film. The fluorescence emission spctrum has three peaks
at 300 nm, 412 nm and 585 nm. The excitation spectrum shows several peaks peak at 100
nm, 115 nm, 145 nm, 200 nm and 294 nm.
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4.10.5 Si-water liquid sample

Silicon directly deposited in water (sample D8) was investigated in the liquid phase
and at room temperature, using filter WG280 for both emission and excitation spectra.
Fluorescence emission spectra show peaks at 320 nm and 422 nm, which is the same as
the fluorescence peaks observed for the Si-water liquid sample previously. The first
fluorescence peak at 320 nm is slightly red-shifted with respect to other samples first
fluorescence peak, and also the Si-water sample first fluorescence peak, as measured in
our lab. The fluorescence excitation spectra have peaks at 195 nm (similar to all bands
observed using this method), 224 nm and 284 nm when emitted at 320 nm and have peaks
at 207 nm (with a shoulder at 195 nm) and 303 nm when emitted at 422 nm.
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Figure 4-40. Figure showing emission (top) and excitation (bottom) spectra with int, fast
and slow components for Si-water in liquid phase. Fluorescence emission peaks are
observed at 320 nm and 422 nm. The excitation spectra shows peaks at 195 nm, 207 nm,

224 nm, 284 nm, and 303 nm.
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4.10.6 Si-water film sample

A Si-water film (sample D8) was investigated at room temperature, with filters
WG225 and WG280 used for recording emission and excitation spectra, respectively. The
results are shown in Figure 4-41. Fluorescence emission spectra show peaks at 308 nm,
440 nm (the same band as the fluorescence peaks observed for the Si-water liquid sample
using this method in our lab), and another band at 570 nm (the same band as was observed
in Si-IPA film in Figure 4-39). The fluorescence excitation spectra have peaks at 190 nm,
similar to all bands we observed using this method, and probably another band around
300 nm.
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Figure 4-41. Figure showing emission (top) and excitation (bottom) spectra with int, fast
and slow components for Si-water film sample. Fluorescence peaks are observed at 308
nm, 440 nm and 570 nm. The excitation spectrum shows peaks at 190 nm and around 300
nm.
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The wavelength of emission and excitation of the first peak (~300 nm) is similar
for all samples, either in film or liquid phase or in any solvent, suggesting that the
electronic state involved and the underlying structure is identical. A possible explanation
is that the fluorescent site is localised in the bulk region of the clusters, because it doesn’t
change during drying and it has no solvent dependence; however, as we explain later,
they do show different lifetimes and the same fluorescence emission band might be purely
coincidental. The second peaks observed in all film samples appear around 420 - 440 nm,
and comes from the surface cluster; these cluster atoms interact with the solvent
molecules, so when the solvent evaporates, all these samples (which are produced in
different solvents) are identical; they then oxidise in air in a similar manner, so water and
alcoholic solvents show the same fluorescence wavelength. This peak belongs to oxidised
silicon at the surface of the nanoclusters, the same as was observed for the Si-water liquid

sample.

The second fluorescence peak for Si-ethanol and Si-IPA in the liquid phase
(measured in Desy) cannot be seen because of the broad first fluorescence peak,
superposition with scattered light, or the intensity is just very low. In the case of weak
intensity for the second bands in alcoholic samples, this can be seen as proof for oxidation
of the alcoholic film samples. In alcoholic liquid samples, the intensity of the first peak
(which is attributed to the bulk cluster) is higher than second peak (which is attributed to
surface clusters), so when the solvent evaporates, the intensity of the second peak
becomes higher than the first peak, similar to water samples (in film and liquid phases).
This also confirms oxidation of alcoholic film samples. Si-IPA film and Si-water film

samples show a third peak around 570 - 590 nm.

Fluorescence of the alcoholic films has higher intensity than observed for alcoholic
liquid samples; since silicon oxide species are the reason for high fluorescence intensity
in all samples, it confirms that a silicon-oxygen bond is formed when the sample is
exposed to the air, as the Si-water liquid sample — which is a highly oxidised sample —
has the highest fluorescence intensity amongst the liquid samples. However, we need to
consider that measurements were out of focus for liquid measurements, so it might affect

on the fluorescence intensity of liquid samples.

The short-lived fluorescence of the films is similar to the liquid water samples,
which might be because of increased exposure to air; samples might be more highly

oxidized, or this might be coincidental. We attribute these bands to silicon-oxygen bonds
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or Si-OH groups at the surface of the nanoclusters which are hydrogen-bonded to residual

water molecules, or to OH groups of neighbouring clusters.

For film samples, several peaks exist in shorter wavelengths, though it is not

possible to see these in liquid samples because of suprasil’s cut-off wavelength.

4.11 Dependence of fluorescence on temperature

To investigate the effect of temperature on fluorescence, we cooled the sample to 8
K. The sample used was a Si-ethanol film (sample B6) measured at 8 K, 28 K and 300 K.
For all spectra, filter WG280 was used except for the spectrum which is measured at room
temperature and excited at 203 nm, for which filter WG225 was used. The measurements
were performed for several wavelengths and for different fluorescence components. In
this section, the integrated components of fluorescence emission spectra excited at 203
nm at three different temperatures are illustrated in Figure 4-42; other spectra can be
found in appendix 4. The temperature dependence of fluorescence intensity for this

sample for the int, fast, and slow components are plotted in Figure 4-43.

Similar to the observation of reference [276], the intensity of photoluminescence
depends on temperature; it decreases with increasing the temperature. As we expected, at

low temperature the sample has higher intensity.

As Figure 4-43 shows, the intensity of the fluorescence peak decreases with
increasing the temperature in an exponential way for all components. Increasing the
temperature causes an increasing amplitude of vibration, and transfers energy to non-
radiative decay in the sample. So, increasing the temperature induces a decrease in

fluorescence intensity.

Changing the temperature can affect not only the fluorescence intensity but also the
fluorescence bandwidth. However, this is dependent on the environment and the
fluorophore itself. As can be seen in Figure 4-42, in our sample, the FWHM of spectral

features does not change significantly as temperature is increased.
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4.12 Life time measurements

The fluorescence lifetime is the time spent by a molecule in its excited state,
fluorescence occurs approximately, on the nanosecond timescale; while absorption occurs
in around 107" s. Fluorescence lifetime measurement results are shown in Figure 4-44 to
Figure 4-49.

4.12.1 Dependence of fluorescence lifetime on solvent

Fluorescence lifetime measurements for silicon clusters formed in three different
solvents were performed to investigate the effect of environment on lifetime.
Measurements were performed in the liquid phase and on film, the results of which are
shown in Figure 4-44 (liquid samples) and Figure 4-46 (film samples). All lifetimes are

in the range of a few nanoseconds and are formally allowed transitions.

As can be seen in Figure 4-44, for liquid samples the decay times correlate with the
short wavelength peak (first fluorescence peak) in the fluorescence spectra, because it
excited around 200 nm and emitted around 300 nm. Fluorescence lifetimes of liquid
samples are in the range of a few nanoseconds. The Si-water sample shows a shorter
lifetime compared with alcoholic samples. It suggests different structures for the
fluorescent site of the first fluorescence band (at ~310 nm) for different solvents, so the
first fluorescence band wavelength might be the same for all samples purely by
coincidence, and clusters in the ‘bulk’ may have interactions with the solvent as their
lifetimes show solvent dependency, or they may not even be in the ‘bulk’. If these
fluorescent sites have an interaction with solvent, the shorter lifetime of Si-water can be

attributed to the stronger hydrogen bond of the water sample than alcoholic samples.

The lifetime of the second fluorescence band of the Si-water sample was recorded
and the result was compared with the lifetime of first fluorescence band of this sample;
spectra are shown in Figure 4-45. The lifetime of the second fluorescence peak of Si-
water sample was measured as 3.95 ns, which is very close to the lifetime of the first
fluorescence band of this sample. As the Si-ethanol and Si-IPA did not show the second
fluorescence band in time-correlated fluorescence measurements, we could not measure

the lifetime of the second band of these samples.
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Figure 4-46 shows the result of fluorescence lifetime measurements for film

samples produced in different solvents for the first and second fluorescence bands.

Al I T T T T l T T T L) ] A T Ll L l Ll Ll T Al l Ll L) v Al l Ll 3 T Ll l T Al T 1
——exc:200nm, em:290nm (Si-ethanol-B5-film)
2980.95799 \ T=3.94 ns —— exc:203nm, em:300nm (Si-ethanol-B6-film) |
; : exc:183nm, em:290nm (Si-IPA-A1-film) ]
’ T=7.93 ns —— exc:198nm, em:297nm (Si-IPA-C4-film)
1096.63316 W : exc:190nm, em:300nm (Si-water-D8-film) |-
L)
c 403.42879
)
Q
o .
C
5 148.41316 &
O .
(o]
= i
Q. 5459815
20.08554
7.38906
Time (ns)

I T L} T L] I L] 1 T L} I L] L
exc:183nm,em:430nm (Si-IPA-A1-film)
exc:203nm, em:410nm (Si-ethanol-B6-film)

2980.95799 exc:198nm, em:415nm (Si-IPA-C4-film)
exc:190nm, em:415nm (Si-water-D8-film)
£ 40342879 e
3 i,
o 1 “ﬁ# s - Whe
S B, A?W'%Nr ;
54.59815 ® B P T T i+ 14 ;
o e . o q - sl o : s
(VRN e O P
ML
7.38906 } = =g "
| I X . PR | N ' X X | \ L ' | . f |
0 10 20 30 40

Time (ns)
Figure 4-46. Figure showing the results of fluorescnece lifetime measurements for the
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film samples.
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As the solvent was evaporated in film samples, solvent effects are not valid any
longer, and the results show the decay time of film samples to be in the range of a few
nanoseconds, and further that this decay time does not depend on the solvent that the

clusters were produced in.

As can be seen in decay curves of the film samples, structure of clusters changed
during the drying and making of the film sample, and film samples show multiexponential
decay curves (more decay channel than liquid samples), whilst liquid samples show

monoexponential curves, suggesting new fluorescent structures for film samples.

4.12.2 Dependence of fluorescence lifetime on emission and excitation

wavelength

According to the quantum confinement model, lifetime decreases as emission
wavelength is decreased, and is expected to decrease as the excitation energy is increased
[277]. Figure 4-47 shows the dependence of lifetime on excitation wavelengths for the
Si-ethanol film sample (B6); this experiment was also performed for other samples in
different solvents, the results for which can be found in appendix 4. For measuring sample
B6, filter WG225 was used for emission at 300 nm and filter WG280 was used for

emission at 410 nm.

As can be seen in Figure 4-47, for a constant emission (300 nm or 410 nm), lifetime
decreases as excitation wavelength is increased from 203 nm to 290 nm. Lifetime
dependency to excitation wavelengths were measured for the first and second

fluorescence peaks to confirm this trend.
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Figure 4-47. Figure showing lifetime dependence on excitation wavelengths. A Si-ethanol
film sample was measured at three different excitation wavelengths (203 nm, 228 nm and
290 nm) for each fluorescence peak wavelength; lifetime measurements were performed
for two emission wavelengths (300 nm and 410 nm).

4.12.3 Comparison of fluorescence lifetimes of liquid and film samples

In Figure 4-48, the result of a comparison of fluorescence lifetime of film and liquid

silicon clusters produced in ethanol is shown.
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Figure 4-48. Comparison between fluorescence lifetime of Si-ethanol film and liquid
samples.

The results show liquid samples have shorter decay lifetimes than film samples. A
the Stern-Volmer plot in Figure 4-26 showed, the fluorescence of the Si-ethanol sample
was quenched in the liquid phase, so by evaporating the solvent and hence eliminating
solvent quenching, the intensity of fluorescence and the fluorescence lifetime are
increased in film samples. Increasing the fluorescence intensity of film samples was
shown in the previous section. Figure 4-48 shows the increased lifetime in the film

sample.

4.12.4 Effect of temperature on fluorescence lifetime

To investigate the effect of temperature on fluorescence lifetime, decay time was
measured at two different temperatures for three different excitation wavelengths. The
results for the sample excited at 203 nm are shown in Figure 4-49. Other wavelengths are

shown in appendix 4.
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Figure 4-49. Figure showing lifetime dependance on temperature; lifetime decreases with
increasing temperature [276].

As the results in Figure 4-49 show, lifetime depends on temperature; it decreases
with increasing the temperature, similar to reported results in reference [276].
Fluorescence lifetime is not as sensitive as intensity to temperature, so decreases in
fluorescence lifetime with temperature are not proportional to decreases in fluorescence

intensity with temperature.

4.13 Effect of production parameters on the fluorescence

spectrum

We investigated the effect of different parameters on the fluorescence spectrum
such as stagnation pressure, magnetron power, deposition time, distance between
capillary and cold target, and angle between liquid jet and cold target. The effect of
different distances and angles are explained here, but the results of other effects are shown

in appendix 4, as the results were not conclusive.
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4.13.1 Effect of different distances and angles between cold trap and
liquid jet

To investigate the importance of the distance and angle between the cold trap and

the sputter head and liquid jet, four experiments were performed to produce Si-IPA

samples at two directions and two distances. Other experimental conditions were exactly

the same and experiments were performed immediately after each other (even the solvent

in the liquid reservoir was not topped up). A schematic of the experiment is shown in

Figure 2.5. The results of fluorescence emission experiments of these samples are shown

in Figure 4-50, whilst absorbance effects are shown in Figure 4-51.

The liquid jet has a divergence angle, so the beam diverges at long distances. To
study the effect of distance between the capillary and cold target, the cold target was
located at two different distances with respect to both the capillary and also the

magnetron.

In another experiment, the angle between the cold target and liquid jet was
investigated. Firstly, the sample was produced when the cold target hole was aligned with
the magnetron and liquid jet; the target was then tilted to reduce the amount of directly
deposited atomic silicon vapour into the cold target, and have only co-deposition of

silicon and liquid.

As can be seen in Figure 4-50 tilting did not change the appearance of the spectrum,
either at short distances or long distances between the target and capillary, meaning
silicon clusters form when they are trapped in the liquid jet, and not after co-deposition
in the cold target or by entrance of atomic silicon vapour into the trap. Tilting did not
affect the fluorescence intensity of the first fluorescence peak. For the second
fluorescence peak, tilting did not change the intensity of fluorescence when cold target
was located close to the capillary, but at long distance, tilting the cold target caused lower

fluorescence intensity because less of the liquid jet enters the target.

The results show that different distances between the target and capillary affects
the fluorescence spectrum. The peak at 400 nm arose when the cold target was located at
a long distance from the capillary. As this peak is attributed to the cluster surface, it can
be explained as these fluorescent sites need more time to form and bind to solvent
molecules, and it may due to increasing the concentration of the silicon trapped by liquid
jet; as the liquid filament is longer, the concentration of silicon particles is higher. These
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hypotheses also confirm the results of the tilting cold target experiment about forming
fluorescent sites in liquid jet not after co-deposition. For the first peak, whilst the
fluorescence intensity for different distances is almost the same, it is slightly higher for
producing clusters at short distances; the intensity increases by decreasing the distance

because the number of particles trapped by the target is greater at short distances.

UV/Vis spectroscopy shows absorbance spectra are different in intensity for long
and short distances between the cold target and capillary. For long distances there are two
intense peaks at 220 nm and 260 nm, whilst samples produced at short distances shows
the first band at 220 nm with lower intensity, and the second band to be very weak. The
higher absorption for long distance experiments may explain the higher concentration of

silicon nanoparticles trapped by the liquid jet.
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Figure 4-50. Figure showing spectra of Si-IPA samples which are produced at different
distances and angles between the cold target and liquid jet.
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Figure 4-51. Figure showing spectra of Si-IPA samples which were produced at different
distances and angles between the cold target and liquid jet.

4.14 Conclusion

Fluorescence spectra of more than 50 samples show the reproducibility and quality

of the samples produced in different solvents with our novel method.

We introduced a model for observed fluorescence peaks, silicon particles produced
with our novel method show two different fluorescence bands; the first band around 310
nm, which we attribute to the bulk clusters, is an intrinsic peak and does not depend on
solvent with all samples in both liquid phase and film show this band; the second band
appears at 365 nm to 440 nm, which is attributed to the fluorescent sites at the cluster
surface is solvent dependent, and shows a fluorescence peak for Si-water sample at a
longer wavelength than alcoholic samples. The lifetime measurements show different
lifetimes for the first fluorescence band that suggests different structures for fluorescent
sites of first fluorescence peak, so the fact that all samples show the same wavelength of
fluorescence peak may be entirely coincidental. The results for the first and second
fluorescence emission and excitation peak wavelength for three different solvents, and

also their lifetimes, are summarised in Table 4-4.
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Table 4-4. Fluorescence charactristics of silicon deposited in IPA, ethanol, and water.

Sample Emission  band | Excitation band wavelength | Lifetime (ns) | Lifetime (ns)
wavelength (nm) | (nm) (First band) | (Second band)

Si-IPA 310, 365 275 (hem= 310 nm) - -

(liquid) 293 (Aem= 365 nm)

Si-IPA 306 206 with a shoulder at 217 | 5.34 -

(liquid) (Aem= 305 nm)

(TCPC)

Si-IPA 300, 412, 585 100, 115, 145, 200, 294 | 3.94 2.56

(film) (Aem= 420 nm)

(TCPC)

Si-ethanol | 310, 370 238, 278 (hem= 310 nm) - -

(liquid) 278, 300 (Aem= 370 nm)

Si-ethanol | 304  with a| 210,275 (Aem= 310 nm) 5.57 -

(liquid) shoulder at 350-

(TCPC) 360

Si-ethanol | 294 198, 220, 250-260 (Aem=290 | 7.93 -

(film- B5) nm)

(TCPC)

Si-ethanol | 294, 415 203,228,295 (hem=410nm) | 4.74 6.02

(film- B6)

(TCPC)

Si-water 310, 420- 440 275 (Aem= 315 nm) - -

(liquid) 270,311, 380 (Aem= 440 nm)

Si-water 320, 422 195,224, 284 (Aem= 320 nm) | 3.81 3.95

(liquid) 207, 303 (Aem= 422 nm)

(TCPC)

Si-water 308, 440, 570 190, 300 (Aem= 415 nm) 5.59 1.25

(film)

(TCPC)

Our results confirm that oxidised silicon clusters emit blue luminescence; in

solution, the long wavelength fluorescence band energy is directly related to the

magnitude of the silicon-solvent interaction, indicating Si-OH hydrogen-bonding, or

silicon bonding with the solvent molecules. The relationship of the second fluorescence

wavelength on the solvent shows that the transition is (i) located at the surface of the

clusters and (ii) that the fluorescent site has polar character. Interaction of water with

silicon surfaces produces silicon-oxygen bonds, or perhaps OH defects [278], and we

anticipate a similar reaction during cluster growth using water and alcohol jets. OH

groups on surfaces are polar, and we anticipate in our case the formation of hydrogen

bonds with the polar solvents. Amongst the three solvent we used, water has the greatest

dipole moment of the solvents, and will draw electron density from the surface of the
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silicon cluster, thereby producing an up-shift of the energy levels. Provided the changes
in the excited state density are small, a gradual red shift related to the strength of the
solvent dipole moment can be readily explained, although the dipole moment it not the
only solvent property which can affect the solvent dependence on fluorescence
wavelength. For the first fluorescence peak, the fluorescent site is not as exposed to the
solvent as the surface cluster; in other words, the transition is characteristic of the bulk

volume of the cluster.

The measurements of the fluorescence spectra of samples produced at different
distances between cold target and capillary show for the samples produced at short
distances that the second fluorescence peak is absent in fluorescence spectra. We
speculate that this is because when using longer distances, the concentration of the

particles in the jet is increased.

According to our observation in chapter 5, the red shift of the fluorescence
wavelength may relate to oxidation state, so Si-IPA fluorescence peak at 365 nm belongs
to SiO, Si-ethanol fluorescence peak at 370 nm belongs to SiOx, 1<x<2, and 420 - 440
nm belongs to SiO». Also chemical characterisation shows Si-water samples in addition
to SiO2 have SiO or SiOx bands, which could explain the existence of three fluorescence
peaks in fluorescence spectra of Si-water. So the peak at 380 nm, which exists in some
Si-water samples, can be attributed to SiOx. So we can conclude the sample shows shifts
in the fluorescence peak due to different levels of oxidation. Adding one drop of pure
water to Si-IPA samples gives rise to a peak at 420- 440 nm, which is similar to Si-water
samples and is attributed to oxidation of silicon clusters.

Solvent exchange experiments showed reversible solvent transfer effects, and
showed the properties of nanoparticles depend on the solvent they are kept in. The results
show the transferred sample is equivalent to a directly deposited sample, and depending

on the required wavelength, particles can be transferred to an appropriate solvent.

All film samples of nanoparticles show a second fluorescence peak at 420- 440 nm
and, hence, the presence of silicon-oxygen species defects. We believe that silica
nanocrystallites with defects are formed by aggregation of the nanoclusters during the

drying and oxidising process, so may not exist in liquid alcoholic samples.

All samples produced so far show that clusters are chemically stable and do not

agglomerate during the years, and also clusters show stable fluorescence properties over
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a storage time of just under a one year. Quantum yield measurements show Si-water
samples have a quantum yield of 8% to 10%, which is high enough for many applications.
A Stern-Volmer plot confirms fluorescence quenching at high sample concentrations in
alcoholic solvents, and also showed that fluorescence in Si-water samples was not
quenched and shows dynamic stability. A plot of absorbance versus sample concentration
shows chemical stability of the samples.

Decay time measurements show samples have similar fluorescence lifetimes, in the
range of a few nanoseconds, which is dependent on the solvent, phase of the sample and
excitation wavelengths. For liquid samples, the fluorescence lifetime was recorded
between 3 - 5 ns, depending on the solvent; water samples had the shorter lifetime.
Lifetimes of the film samples do not depend on the solvent due to their evaporation,
however film samples show lifetimes longer than liquid samples. As there is ho quenching
in film samples, intensities and lifetimes increase respect to liquid samples. The results
show that lifetime is also dependant on the excitation wavelength; it decreases by

increasing the excitation wavelength.

Changing the temperature affects fluorescence intensity and fluorescence lifetime.
Fluorescence intensity and lifetime decreased as the temperature was increased from 8 K
to 300 K.



Chapter 5

Chemical characterisation of silicon nanoparticles

Silicon nanoclusters produced using our novel method showed extraordinary
physical and optical properties. Here we look to answer questions such as what the
intramolecular chemical origins of these physical properties and/ or due to what
intermolecular chemical interactions these properties arise; to address these issues, we
used XPS and FTIR/ATR spectroscopy to investigate the samples. The method of
characterisation was described in chapter 3; in this chapter, we present the results of XPS
and ATR spectroscopy, which we then discuss.

5.1 XPS characterisation

In XPS, electrons are ejected from the sample due to a photoionization process, and
these electrons are analysed to characterise a sample at the atomic level. The result is a
plot of intensity versus residual kinetic energy of the electrons ejected from the sample,
which can be straightforwardly used to determine their original — atomically unique —
binding energies. XPS spectroscopy is a surface analysis method, which gives us
information about elements or, indirectly, their originating molecular species allows for
quantitative analysis of such and, again indirectly, gives information about chemical

bonding and interactions with the environment.

The results of XPS measurements are shown in following sections. For the survey
spectra see Appendix 5 (section 5.1). XPS spectra of a silicon wafer were recorded as a

reference and are shown in Appendix 5 (section 5.2).
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5.1.1 Effect of substrate

As a cluster may well interact with the XPS analysis substrate, which in turn might
affect chemical bonding and cluster structure, we tried to find the best substrate with less
interaction with particles, to know our particles properties with any changes due to
interaction with substrate. Three different substrates were investigated for this
experiment: copper plate, molybdenum plate, and HOPG. For all these three substrates,
four peaks — which are considered to be the most important for our measurements — were
recorded, which are those of silicon (2p), silicon (2s), carbon (1s) and oxygen (1s). The
results are shown in Figure 5-1. According to our atomic binding energy library
(integrated in the software), the binding energy of these peaks are: Si (?P12) at 99.8 eV,
Si (°P3i2) at 99.2 eV, C (1s) at 284.70 eV, O (1s) at 531 eV, and Si (2s) at 150.5 eV.
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Figure 5-1. Figure comparing carbon (1s) (a), oxygen (1s) (b) and silicon peaks (2s, 2p)
(c, d) for one drop (5ul) of Si-ethanol sample on three different substrates (copper,
molybdenum and HOPG).
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All samples in any substrate show carbon peaks due to adventitious carbon
contamination, due to exposure to the atmosphere [133, 279].

As it can be seen in Figure 5-1, the intensity of the peaks was very low on Cu plate
for unknown reason, so this was immediately dismissed as a candidate substrate for
analysis. Samples on HOPG and Mo plate showed acceptable intensities, indeed, this
intensity was higher in the case of the Mo substrate. However, the peak belonging to Si-
ethanol on Mo plate showed a sub-peak (shoulder) to lower binding energy of the oxygen
peak which was not seen in cases of HOPG or Cu substrate. The carbon peak shows a
strong dependence on the substrate, but the Si (2p) and Si (2s) do not. This could suggest
that the carbon is binding to the surface, but the silicon is not. The Si (2p) peak had slightly
higher binding energy when Mo was used as substrate with respect to HOPG, so the
sample may have interacted with the molybdenum to some degree. To confirm this, the
molybdenum peak of the Mo substrate was measured with and without sample, as was
the carbon peak of HOPG.

To this end, the XPS spectrum of the Mo plate without sample was measured in the
first step, to see the location of the bulk molybdenum peak and in a second step, the
sample was added to the Mo plate and the Mo peak was again measured; the same was
performed for HOPG. The result is shown in Figure 5-2. As it can be seen, we could
conclude the sample interacted with the Mo substrate because the binding energy of the
Mo peak was changed when sample was added to the substrate. The literature reported
peaks for MoSiO; at 227.68 eV [205] and for Mo at 227.4 eV [280]. The same difference
in binding energies between Mo and MoSiO> was observed in this study, from which we
could conclude that the sample interacted with the Mo substrate. Therefore, molybdenum

was also eliminated as a candidate substrate.

To confirm that HOPG was, in fact, itself suitable, this procedure was repeated
using HOPG as substrate. The results show only a weak interaction with HOPG. For this
reason, and for reason of the acceptable sample peak intensities seen previously, HOPG
was chosen as our substrate for XPS experiments. For molybdenum, the intensity of the
substrate peak dramatically reduced after adding the sample, because the electrons
originated mainly from the sample rather than the substrate, but for HOPG, the intensity
increased because the sample itself contains some carbon. All experiments described in

this section were performed using one 5 pl drop of sample.
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Figure 5-2. Figure showing the peaks belonging to the substrate before and after putting
sample was applied.

5.1.2 Effect of sample thickness

As was explained in chapter 3, to investigate the effect of thickness on the XPS
peak, we used one drop of Si-water on HOPG, ten drops of Si-water on HOPG and ten
drops of Si-water at the centre of the HOPG. Also, a spectrum of five drops of pure water
on HOPG was recorded as a reference. Each drop was about 10 ul. The effect of sample

thickness on the XPS spectrum is shown in Figure 5-3.

Pure water shows silicon peaks because of its silicon containing impurities (0.1
ppm silica) [104], but this peak has different binding energy and shows a red shift with
respect to the silicon species in the samples and, additionally, Si-water samples peaks are
broader. The samples show a blue shift with respect to pure silicon for both Si (2p) and
Si (2s), and also O (1s). In the following section, it is explained why the Si-water sample

shows highly oxidised silicon.

The integrated area under the peak increases with the concentration of sample; as
we used same sample for this experiment, and the particles had the same binding energy
in the case of using one drop or ten drops, so the intensity is proportional to the number
of particles. Therefore, as we expected, by increasing the thickness of the film (i.e.,
increased sample concentration) the peak intensity increased. This happened for all four

peaks investigated in this experiment.
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Figure 5-3. The effect of the sample thickness on the substrate. There are some silicon
impurities in pure water, but this does not interfere with the peaks due to our samples,

which show oxidised silicon.

By putting ten drops of sample in the centre of the HOPG, we expected two effects.

First, we used the same amount of sample solution (ten drops), but placed only in the

centre of HOPG in this case (in another, it was ensured that the sample covered the entire

area of the HOPG substrate); so, the concentration should have been higher where the

sample was restricted to the centre area of the HOPG substrate. As we expected, samples

prepared in this manner showed higher intensity for all peaks (note the intensity of ten

drops sample covered HOPG was multiplied by ten).

Second, we expected to see two different carbon peaks, one from the part of HOPG

which was not covered with sample and another from where the sample did cover the

substrate. As we expected, it showed two distinct peaks; the peak at 284.5 eV (first peak)

belonged to pure carbon, and the peak at 287 eV (second peak) might arise due to species
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like C-O-H or C-O-C. The two other samples and the pure water reference also show the
first peak, but the intensity is very low for one drop and ten drop samples as we expected
(note they are multiplied by ten for ten drops of sample and 100 for one drop of sample)
but pure water shows higher intensity because it did not have any clusters; by evaporating
the pure water, HOPG signals and HOPG species formed in air should have be seen,
although our pure water had some impurities. Also, the two other samples and pure water
have a shoulder to higher binding energy, which may belong to C-O-C or C-O-H.

5.1.3 Solvent effect

To investigate the structure of the silicon clusters in our samples, and also the effect
of different solvents on structure, XPS measurements were performed for Si-water, Si-
IPA, and Si-ethanol samples. We used the following parameters for short region scans:
step 0.05eV; sweeps 15; dwell 1; and CAE 10. Our samples show blue shifts with respect
to the bulk silicon, and it may be caused by interaction of silicon with other elements in
solvents or substrate, but from the variation of the substrates outlined in section 5.1.1
(substrate effect experiment), we have learned that clusters do not interact with HOPG,

so there were some interactions between silicon particles and their solvents.

Figure 5-4 shows these shifts from pure silicon and oxygen binding energies for our
samples. Comparison between Si (2s), Si (2p), and O (1s) peaks of our samples and
shifted peaks in the literature (which are mentioned in chapter 3 in Table 3.1-3.5) shows
we may have silicon oxide in Si-IPA sample, SiOx 1<x<2 in Si-ethanol, and silicon
dioxide in water sample, so in going from IPA to water, there is an increase in the apparent
oxidation state of the silicon, as evidenced by a blue shift in the associated XPS peaks.
The C (1s) peak shows a superposition of two components which belong to C-C (284.4
eV) and C-O-C or C-O-H (~286.4 eV); also, the literature reported CH3OH/Si band at
286.8 eV [281] is another possibility for Si-ethanol sample and Si-water sample if we
consider carbon impurities for water used for producing the sample. For these two
samples, the carbon peak is a superposition of a pure carbon peak and carbon-oxygen (or
silicon-carbon) binding peak(s), which can be distinguished due to the asymmetric shape
of the peaks (also see section (5.1.5)). The intensity of the peak at 286.4 eV is very low
for Si-ethanol, but in Si-water sample is very intense, and its intensity even higher than

carbon peak (at 284.4 eV) in this sample. Tables 3.1-3.5 show the values for possible
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species for our samples, so we can compare these values with our samples to find out our

samples’ structures.

In Figure 5-4 (c, d), different blue shifts of the silicon 2s and 2p binding energies,
depending on the solvent used, are observed. The Si-water sample shows a greater shift
than alcoholic samples. The peaks shifted with respect to bulk silicon, and comparison
with the references shows the presence of SiO> in water samples, SiOx in ethanol samples
and SiO in IPA samples. So, the oxidation state of the compounds depends on the solvent
and environmental effect. Therefore, the silicon 2s and 2p peaks indicate that silicon in
water is in a higher oxidation state than in alcohol. In addition to this, XPS shifts can be
observed due to size effects or charged clusters [282, 283]. In our case another possibility
is that the level of oxidation is the same for all samples, but surface cluster-solvent
interactions are different (depending on solvent), causing different XPS shifts. As the
ATR results show later, we can attribute these shifts to different level of oxidation in
different samples (depending on solvent) with more confidence. It is well known that
isolated sample exposed to x-ray radiation become charged over time. This possibility
can be excluded for both silicon in water and silicon in alcohol. The spectra in Figure 5-4
have been recorded within a series of at least three consecutive scans. Between these

scans no shifts were observed.

In Figure 5-4 (b), in water samples, the area under the C-O-C (or C-O-H) peak is
larger than the pure carbon peak, which means a large amount of carbon impurities in
water are oxidised. If we attributed this peak to CH3OH/Si in water samples, the area
under the CH3OH/Si peak is larger than the pure carbon peak, which means a large
amount of carbon may have bound, or interacted with, silicon in water. In the ethanol
samples, the intensity of the carbon peak is higher because it is less reactive than water

and, in IPA samples, the intensity of CH3sOHY/Si is negligible.
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Figure 5-4. Figure showing XPS peaks of O (1s), C (1s), Si (2s), Si (2p) for silicon clusters
in IPA, ethanol, and water on HOPG. High oxidation happens for the Si-water sample,
and a lower level of oxidation for alcoholic samples.

The oxygen and silicon (2p) peaks of Si-water are broad and asymmetric bands,
showing silicon binding with oxygen happens with different level of oxidation in the Si-
water sample. The highest intensity peaks belong to SiO», though there are also the same
components that alcoholic samples display, such as SiO, and SiOy, 1<x<2 (see section
(5.1.5)).

The intensity (integrated) of the oxygen and silicon peaks for water samples is
greater than for alcoholic samples. This could indicate that the number of silicon atoms
bonded with oxygen in water was greater than in alcohol. It also may indicate that the

silicon atoms dissolved better in water than alcohol, and large amount of silicon remained
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undissolved in the alcohols. Another reason for large reaction between silicon and water

may relate to oxygen dissolved in water.

To have a reference for our samples we recorded XPS spectra of a silicon wafer
(see Appendix 5, section 5.2). Two different peaks for bulk silicon and silicon oxide are
observed. Both silicon bulk peaks (2p and 2s) confirm the calibration of the instrument.

The silicon oxide peaks match the literature values.

AFM results show all samples have silicon clusters of 1 nm, but the same amount
of samples show different thickness layers. For alcoholic samples two to three layers of
clusters can be seen in size distribution diagrams but water samples show six to seven
layers, which could be the reason that water samples have higher intensities than alcoholic

samples for the same amount of sample (see appendix 6).

5.1.4 Solvent exchange

As described it chapter 3, we recorded XPS spectra of a Si-ethanol sample, and then
split it in two vials. The ethanol was allowed to evaporate in each, then one was topped
up with water and the other with IPA. We then recorded XPS spectra for each of the

samples in their new solvents. The results are shown in Figure 5-5.

Solvent exchange experiments show the same structures with directly deposited
silicon in different solvents, although the intensity is different in some cases. The
difference in the intensity changes with the concentration of the clusters and their bonding
with the solvent, and was expected to change even for the same sample in different
measurements. Since the structure and level of oxidation of the sample are almost the
same as directly deposited samples, it confirms we can produce sample in any solvent and

transfer it to any other solvent.

The intensity of the Si peak goes up by transferring to water, confirming that silicon

particles in water form more bonds than in alcohol, and dissolved better than in alcohol.

A comparison between Si (2s, and 2p) peaks shows the peak position and FWHM
of the Si-ethanol and Si-IPA samples are the same for directly deposited samples and
transferred samples, but they are slightly different, by around 1 eV, for Si-water samples.
In directly deposited Si-water samples, the silicon 2s peak is at 155.78 eV, which is at

156.5 eV for transferred silicon particles to water; the band widths are 3.89 eV and 2.74
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eV for directly deposited and transferred samples, respectively. For the silicon 2p peak,
directly deposited Si-water has a peak at 104.96 eV, which is at 105.45 eV for silicon
transferred to water; the band widths for the silicon 2p is 3.37 eV and 2 eV for directly
deposited and transferred samples, respectively. Although the band width of the directly
deposited Si-water sample is slightly different to the sample transferred to water, they
show the same species. Directly deposited samples in the same solvent may show
different band widths from sample to sample, but as the species for the specific solvent is

always the same, the binding energy of the peaks remain constant.
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Figure 5-5. Figure comparing the XPS peaks of Si-ethanol sample on HOPG with the
ones produced from subsequent solvent exchange with IPA and water on HOPG.
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We transferred particles again from water to ethanol (by evaporating water and
topping up with ethanol) and the results were the same as original sample with silicon

directly deposited in ethanol.

5.1.5 Peak analysis with CASA XPS

CASA XPS software was used to characterise the XPS spectra. With this software,
each peak can be deconvoluted into its components (if such exist), which then makes it
easy to find the atomic structure of the sample. For example, C (1s), O (1s), Si (2p), and
Si (2s) peaks of Si-water in Figure 5-4 were analysed with CASA XPS. The results are
shown in Figure 5-6 and Figure 5-7 .The blue parts show the region that we had chosen
to fit a peak to. We used a 50% Gaussian- 50% Lorentzian lineshape for the components
(we used different percentages and found by empirical observation this ratio worked well
in fitting the peaks); note that CASA XPS allows the user to use a different ratio of
Gaussian to Lorentzian. The shape of peak produced by superposition of fitted

components should be (within reasonable error bounds) identical to the spectral peak.
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Figure 5-6. Oxygen peak (left) and carbon peak (right) of Si-water sample, as analysed
with CASA XPS.
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Figure 5-7. Figure showing the analysis the Si (2s) peak (left) and Si (2p) peak (right) of
Si-water sample by using CASA XPS.

The results in Figure 5-6 show that the carbon peak is actually formed from three
individual peaks, which suggest the existence of carbon, and carbon-oxygen species (C-
O-C, C-O-H) or even carbon in CH3OH/Si. The oxygen peak is, in fact, a superposition

of oxygen and silicon dioxide peaks.

As can be seen in Figure 5-7, the silicon (2s) is just one peak which is silicon
dioxide, and silicon (2p) is formed from two different silicon-oxygen species; SiO, and,
from the peak at 103 eV which can be attributed to a lower level of oxidation than SiO2,
SiOx (1 < x < 2) by comparing to the literature values summarized in the tables presented

in chapter 3.

5.2 ATR/FTIR characterisation

ATR/FTIR spectroscopy measures absorption of the sample in the mid-infrared
range when the sample is excited by infrared radiation. The result is a plot of absorbance
or transmittance versus wavenumber. IR spectra are key to structural assignment. In ATR

spectroscopy absorbance is usually measured, whilst transmittance is generally used in
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FTIR. These methods are used to identify the molecular composition and bonding
structure of the sample.

5.2.1 ATR characterisation

We used ATR spectroscopy to investigate film and liquid samples which were
produced in IPA, ethanol and water. As experiments were recorded in atmosphere, we
had difficulty due to atmospheric bands in our results, and the lab situation such as
temperature, humidity, etc, also affected results. The wavenumber of the absorbance
bands observed were compared to Table 3.6 to identify the bands and hence help
determine the structure of the samples. All measurements were performed by using a
drop(s) of 5 ul of sample (see sample preparation section (3.2.9)). The samples were
recorded in the liquid phase and as films, a drop of 5 ul for liquid sample had a few
microns height and the same amount of sample for film had a few nanometers height, as
AFM shows 1 nm height for the clusters. The background recorded for samples were
formed from 5 ul of the pure sample solvent to subtract the features of solvent,
atmospheric gas and solvent impurities, although we could still see bands belonging to
atmospheric gases and the solvent. To record a background spectrum we tried three
different options as background; air, liquid solvent and making film of solvent. As the
liquid absorbed a lot we could not use a liquid solvent as a background. The results for
the air and film of solvent were the same, because pure solvent evaporated completely.
In spite of this, we used pure solvent film as a background to subtract if there were any
impurities in the pure solvent. The experiment was performed for all samples and repeated
several times to ensure results. We expect to have Si-Si, Si-O, Si-H, and Si-C frequencies
in our results. The results showed the existence of silicon oxygen species, but to assign
specific bands we compared the fingerprint region with literature values and have made
suggestions for each band assignment, though these assignments are not necessarily

definitive.

5.2.1.1 Absorbance spectra of Si-IPA sample by using ATR spectroscopy

All Si-IPA samples were investigated by ATR spectroscopy; some of the spectra
recorded had low absorbance intensity or had negative signal due to subtracting the

background. We chose two spectra which showed clear bands, as shown in Figure 5-8
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and Figure 5-10. To have a reference for silicon deposited on isopropanol samples, pure
isopropanol film was investigated, and compared with the Si-IPA sample. Also we
prepared films of increasing thickness and tested whether a proportionality of absorbance
with film thickness could be established. Figure 5-8 shows a film which made of ten
layers. For each layer, one 5 ul drop of sample was used. Figure 5-9 shows the effect of

increasing thickness of sample on absorbance, from one layer to ten layers.

Peak assignments were made as follows: the Si-C stretching band at 798 cm-1,
though this peak can be attributed to the Si-O bending vibration as well because its
frequency is almost the same, the Si-OH stretch is at 960 cm-1, the Si-O stretch at 1077
cm-1, the SiO2 stretch at 1145 cm-1, the Si-CH3 symmetric bend at 1261 cm-1, the CH
bend at 1376 cm-1, the Si-CH3 asymmetric bend at 1407 cm 1, the CH bend at 1455 cm-
1, the OH bend at 1587 cm-1, the C=0 stretch at 1710 cm-1, the SiH stretch at 2169 cm-
1 (it is negative because of subtracting the background artefact), the CO2 doublet
asymmetric stretch bands are at 2328-2375 cm-1, the CH stretch at 2872 cm-1, the CH2
stretch at 2932 cm-1, the CH3 stretch at 2974 cm-1, and the OH stretch is a broad band
ranging from 3200 to 3500, with maximum at 3360 cm-1, are features apparent in this
spectrum. Some features belong to isopropanol (which are also observed in IPA film
spectra). As the measurement was performed in air, features characteristic of atmospheric
water vapour and atmospheric CO2 can also be seen in the spectrum. The great variety
of references makes it difficult to assign a peak with confidence, for example for the Si-
O stretch, the literature reports values from 930 cm-1 to 1200 cm-1. So we could not
assign a band to a specific species, and the assignment in the figures is the most possible

bond for our sample.

Silicon-oxygen bands in the fingerprint region shows silicon interacted with the
solvent and may have oxidised in IPA. In the Si-IPA sample, silicon also apparently

bonded with carbon and hydrogen, but the intensities of these peaks are very low.

Although the peak positions in our sample are in agreement with reference values
in Table 3.6, some features which belong to pure isopropanol are very close in vibrational
frequency to silicon compounds, so the bands in our sample could be the due to the
superposition of silicon features with those of pure IPA. We expected that, by evaporating
the solvent, solvent bands would not appear in the spectrum; however, the pure IPA film
spectrum in Figure 5 11 still shows some IPA bands were detected after evaporation, and

also there are some bands which are not in the pure IPA film (because of evaporation) but
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are in the Si-IPA sample. These are the same as the liquid Si-IPA sample or liquid IPA,
which shows the solvent did not evaporate completely due to bonding to silicon and

trapping by the clusters, so solvent bands still can be detected in Si-IPA film samples.

As can be seen in Table 3.6, those alcohol vibrational frequencies which might be
coincident with our sample bands can be listed as: have the following vibrational C-C-C
bend at 1100 cm-1, C-O stretch at 1102 cm-1, and 1210 to 1320 cm-1, C-O-H bend at
1395 to 1440 cm-1, OH bend at 1620 cm-1, C=0 stretch between 1630 and 1820 cm-1,
and various C-H stretch modes at 2850-3000 cm-1 (CH2 symmetric stretch at 2860 cm-
1, CH2 asymmetric stretch at 2921 cm-1, and CH3 asymmetric stretch at 2960 cm-1).

In Figure 5 9, the effect of sequentially increasing the number of layers from one to
ten is shown; although the baseline height increased, increasing peak intensity for some
peaks is clear by thickness of the film, whilst for some intensity is independent of the
thickness. This dependence for peaks at 798 cm-1, 1077 cm-1 and 3360 cm-1 is shown
in Figure 5 9. We used the data point at 2500 cm-1 to calculate the height of the peaks.
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Figure 5-8. Absorbance spectrum of Si-IPA film. The sample shows silicon-oxygen,
silicon-hydrogen and silicon-carbon bands in this spectrum.



Chapter 5 Chemical characterisation... 165

[ Ll v L) L I Ll L) L L 1 L) L) L) L) 1 LJ L L) L) 1 L) L LJ L) I A L Ll : ) l Ll Ll Ll Ll
¥ op si- nm ~pure m ckgroun:
0006 :: — ;:m;pu s:f:;‘ﬁln:?»z;)'ipure"l,:Anfthnb;a:gqrou:d
1 3 drops si-IPA film (A3) -pure IPA film background
[} 4 drops si-IPA film (A3) -pure IPA film background
[ 5 drops si-IPA film (A3) -pure IPA film background
: B T
0.005 : 8 dm:: si-IPA film (A3; -:ure IPA film back:mund
I 9 drops si-IPA film (A3) -pure IPA film background
I ——— 10 drops si-IPA film (A3) -pure |PA film background|
I
0.004
I
8
c 0.003 H
@© I
Q 1
[ ]
2 0002 |
2 0.002 :
% :
I
0.001 §
i
i
0.000 §
i
l
-0.001 §
: ‘ A A A l A A A A l A ' A L l A A L ' l ' A L A l A A A A l A A A A
500 1000 1500 2000 2500 3000 3500 4000
-1
Wavenumber (cm )
0.0045 T T I T T T T T T T ]
| = 1077 cm-1 = N
00040 | ® 798 cm-1 = - i
- | = 3360 cm-1
0.0035 [ - g
- & -
= - —
@ 0.0030 [ - = -
o = -
% K - ]
€ 0.0025 | = B 3
o b - & = .
8 i u ] [ ]
<€ 0.0020 | <
0.0015 | -
: ® )
0.0010 | - -
- @ ® -
0.0005 [ 1 1 ? ® 1 ? ® 1 1 ® il

4 5 6 v 8 9 10
Number of layers

o
-
N
w
=

Figure 5-9. Increasing the film thickness of Si-IPA sample A3.



Chapter 5 Chemical characterisation... 166

The same measurements have been performed for all samples of silicon in IPA to
investigate reproducibility, quality and similarity of the samples. In these experiments the
background spectrum was recorded from pure IPA film. Because of this, some bands
which belong to IPA molecules vibration may appear negative due to subtracting by

background.

Another good sample is shown Figure 5-10 (sample A1) which has the same bands,
these bands are sharper, but their intensities are weaker, with respect to Figure 5-8

(sample A3), because only one layer of sample was used.

In spectrum of sample A1, the Si-CH3 bending vibration is a sharp and intense peak
which was very weak in sample A3 (it may have been swamped by other spectral
features). The SiH stretching band is clear in this spectrum. Figure 5.10 shows some noise
around 1400 - 1500 cm-1, so those peak at 1407 cm-1, 1455 cm-1 are not distinguished
here.
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Figure 5-10. ATR spectrum of Si-IPA film, sample Al. This sample has all the peaks
which were seen in sample A3, and in addition it has a peak characteristic of the Si-CH3
bending vibration at 1260 cm™.
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To compare these samples for similarities and also to distinguish between samples
and pure solvent bands, sample A3, pure isopropanol film, and sample Al are plotted in
the same scale in Figure 5-11, a film of one 5 pl drop for each was used in this experiment.
As spectra are plotted on same scale, we can conclude the features belong to silicon
species and not IPA; on the other hand, we might not be able to detect IPA features in
pure IPA film, as pure IPA might evaporate completely, so samples compared with liquid

samples (which are the same as liquid pure IPA) in the following.

In appendix 5, all silicon samples which are produced in isopropanol have been
plotted together to give a perspective on the similarity of the samples in the same solvent.
All the samples show the silicon species peak, although the intensities are different. Some
samples show negative bands for atmospheric gas. A difficulty of ATR measurements of
our sample is the low concentration of the sample in the film samples. In addition to the
film, samples were measured in the liquid phase, but absorption was very high so
distinguishing between the samples and pure IPA was not possible, with samples showing

essentially the same behaviour as the pure IPA.
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Figure 5-11. The ATR spectra of sample Al, sample A3, and pure IPA are compared.
The peaks related to silicon species are clear when these data are plotted on same scale
with pure isopropanol.
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Liquid and film spectra of samples Al and A3 in IPA are compared in Figure 5-12.
Sample A3 shows almost similar features in both liquid and film spectra but with different
intensities and with the exception of the vibrational bands at 1580 cm™, 1710 cm™, 1261
cm?, 1077 cm, attributed to the OH bending, C=0 stretch, Si-CHs bending and SiO
stretch vibrations, respectively. As experiments were performed in atmosphere, OH
bending features can be seen in the film spectra, although the liquid samples were
measured in the same situation, the thickness of liquid samples was higher than 2 um, so
the signal due to atmosphere is weak, although we should see OH bending features of
IPA. The peak at 960 cm™ (Si-OH) in film samples show slightly shifted and broader than
liquid samples, this peak is a different band from pure IPA and attributed to silicon-
oxygen species (as we did) or it may be due to an IPA feature which is shifted due to
interaction with silicon particles. The two peaks at 798 cm™ and 1407 cm™ have very low
intensities when compared with the equivalent liquid sample in same scale so these peaks
are not clear, although they can be seen in the spectrum in Figure 5-8. The peak at 798
cm? is broad and could be the superposition of an Si-C (or Si-O) band and an IPA band
(at 810 cm™). In sample A1, the same was observed for the OH bending vibrations, and
the Si-CHs bending vibration at 1261 cm™ could be seen in the film sample when it was
not observed in the liquid phase. The band at 1077 cm™ which attributed to SiO, which is
slightly shifted with respect to the IPA band at 1100 cm™, so again it could be an SiO
band or an IPA band which is shifted due to interaction with silicon particles. The bands
which are belong to silicon compounds show silicon interacted with the solvent but, after
evaporation, not all the solvent has been driven off as they can still be detected in ATR,

albeit to some lesser degree.
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Figure 5-12. In this figure, film and liquid phase samples are compared; shown are sample

A3 (bottom) and sample Al (top).

The solvent in film sample could not be dried completely due to solvent bonding

with silicon and trapping on the cluster.
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5.2.1.2 Absorbance spectra of Si-ethanol samples using ATR spectroscopy

The same experiments as above were performed for pure ethanol and silicon

deposited in ethanol samples.

To investigate silicon directly deposited in ethanol samples, spectra of all Si-
ethanol samples were recorded and two samples were chosen for our discussion herein.
Sample A6 is an exceptional sample, showing much higher absorbance than the other
samples (see Figure 5-13). This sample was a yellow sample with a precipitant produced
with a high power setting for the magnetron sputtering (100 W); for the other samples,
the power was set between 40 W and 75 W, as described in chapter 2; the samples
produced using lower powers are clear. Yellow samples had very low fluorescence
intensities, lower than 1500 cps, whilst clear samples showed intense fluorescence above
15000 cps. As a normal sample, the spectrum of a Si-ethanol film formed from sample
D5 is shown in Figure 5-15. To compare these two samples, and also with pure ethanol,
all three spectra were plotted on the same scale (Figure 5-16). As sample A6 had some
precipitate, it was shaken before the experiment.

Figure 5-14 shows increasing the peak intensity with increasing film thickness.
When the thickness was increased, the bands became sharper and more distinguishable;
for example, the absorbance of the band at 900 cm™ was very low for the few first layers,
but became very sharp and clear for the film with ten layers. The intensity of peaks
increases with increasing the thickness of the samples, and the relationship between

increasing intensity and thickness is linear. The data at 2500 cm™ were used as baseline.

ATR spectra of Si-ethanol samples shows the following features: Si-OH bend at
900 cm™, CO stretch at 1054 cm™, SiO stretch at 1095 cm™, CH bend at 1379 cm™, C-O-
H bend at 1436 cm™, OH bend at 1549 cm™, SiH stretch at 2196 cm™ (this peak may
belong to O-Si-H as references show both bands at the same vibrational frequency), CO>
stretch at 2349 cm™, CH stretch at 2870 cm™, CHj stretch at 2945 cm™, CHjs stretch at
2970 cm™, and OH stretch at 3356 cm™. Like the Si-IPA samples, the spectra show
vibrational features belonging to silicon interacting with ethanol. As mentioned above,
sample A6 was a yellow sample with high absorbance, but most of samples produced in

ethanol were clear with high fluorescence and low IR absorbance.
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Figure 5-13. ATR spectrum of Si-ethanol film sample. The spectrum shows SiO, SiOH,
and SiH bands which are due to silicon bonding with ethanol molecules (cluster-solvent
interaction).

Most of the bands in Figure 5-15 are the same as sample A6 in Figure 5-13, but the
intensity has been reduced to one tenth. In this sample, the Si-OH band at 900 cm is very
weak. The bands from 1330 cm™ to 1430 cm™ are in a very noisy region of the spectrum
and furthermore cannot be individually distinguished, the broad band observed in this
region may be a superposition of CH, C-O-H and Si-CHs vibrational features. Increasing
the thickness for this sample show some deviation due to very low intensity, the CO>
doublet band is sharper for some spectra but is not clear in several other spectra. In spite
of this variation, the results show the absorbance is increased with increasing thickness,
but it is not as linear as sample A6 showed (it is similar to Si-IPA sample A3). C-H bands

at 2850-2980 cm! are negative due to background subtracting.
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Figure 5-15. Absorbance of Si-ethanol with ten layers film, sample D5, (top) and
increasing the thickness of the film from one layer to ten layers (bottom).

The samples A6 and D5 and film made from pure ethanol are compared in Figure
5-16.
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Figure 5-16. Comparison between Si-ethanol films samples A6 and D5, and pure ethanol
film. As can be seen, the intensity of the sample A6 ATR spectrum is much higher than
D5, but the SiO band, as indicated by the green arrow, is clear in the ATR spectrum of
sample D5.

ATR spectra of samples of silicon deposited on ethanol confirm silicon bonding
with the solvent molecule, the associated spectra showing features belonging to these
bonds which are not observed in pure ethanol film spectrum. The peak at 1054 cm™,
which could be attributed to the C-O stretching vibration, does not exist in pure ethanol
film, so it may as well belong to the Si-O stretching mode, as the two are very close in
vibrational frequency. Another possibility is that, on evaporating the solvent, the bond
between some ethanol molecules and silicon clusters was not broken, a few solvent
molecules being trapped on the cluster surfaces, so the feature associate with ethanol
molecules can be observed in our spectra, whilst in the case of pure ethanol, the solvent

evaporated completely, so this band is absent in the associated [film] absorbance spectra.
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Figure 5-17. Film and liquid Si-ethanol samples A6 (top) and D5 (bottom) are compared.

An overview of all film samples is shown in appendix 5. Measurements for pure
liquid ethanol and all samples were performed. As the absorbance was very high in the

liquid phase, one could not distinguish between pure solvent and the sample.
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Comparison between sample A6 in the liquid phase and film, and also between
sample D5 in the liquid phase and film, is shown in Figure 5-17. As absorbance in liquid
samples is very high, the spectra are similar to that of pure ethanol; but, whilst the silicon
bands are not clear for liquid samples, in film they are easily distinguishable. Although
the vibrational frequencies of ethanol molecule bands are very close to those of silicon
species, we can recognize those of silicon because they are broader (as silicon particles
are solid), whilst ethanol features are sharp. The SiO bands at 1095 cm™ for both film
samples are broader and slightly shifted to higher vibrational frequency; the same is
observed for the Si-OH band at 900 cm® for sample A6. Also, the SiH band at 2196 cm-
! which exists in sample A6 (although it is very weak), is absent in pure ethanol.

5.2.1.3 Absorbance spectra of Si-water sample using ATR spectroscopy

The same experiments as above have been performed for pure water and silicon
deposited on water. The experiment was performed for all water samples and pure water;
the results of the two samples are shown here: sample D2, which shows the highest
absorbance amongst Si-water samples, and sample C9, which had the highest

fluorescence intensity (see section 4.2.3).

Si-water samples were very sensitive to laboratory conditions. As experiments were
done in air, any change in humidity or air temperature, or even the air flow, could affect
the region from 1400-1600 cm™, because this region show CH and OH bands. Existence
of too much noise in this region prevents us from being able to distinguish other bands at
these vibrational frequencies. Therefore, the measurement for sample D2 was repeated
on three different days, particularly because there was a lot of noise evident in the 1400-
1600 cm region on the first day. Figure 5-18, Figure 5-19, and Figure 5-20 show ATR
results for Si-water film sample D2. As can be seen in Figure 5-19, the noise is lower,

though the silicon features were clearer and sharper in the previous measurement.

As can be seen in Figure 5-18, the intensity of the features in the Si-water sample
is much higher than for alcoholic samples. There are several vibrations belonging to
silicon bonds with water molecules, and also silicon bonding with carbon shows as carbon
in the air interacts with the sample. Also, the triplet bands of CH, CH2 and CHs exist in
the spectrum, which may be due to impurities in the water, or exposure of the sample to
the air. It also may be due to the roughing pump oil in the air as our pumps in lab are not
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vented to the outside. The peak that can be seen in the Figure 5-18 are: SiC stretch at 800
cm? (though this peak can also be attributed to the SiO2 bend because its vibrational
frequency is almost the same), Si>Os stretch at 880 cm™, Si-O-Si stretch at 1018 cm™,
SiO stretch at 1096 cm™, Si-CH3 symmetric bend at 1262 cm™, CH bend at 1378 cm™,
OH bend around 1600 cm™, SiH stretch (composed of several closely-spaced peaks, but
which allarise due to SiH) around 2156 cm™, CO; doublet bands at 2317-2366 cm™, CH,
CHa, CHs bands (which are not distinct in this sample) with their origin at 2950 cm™, and
the OH stretch with a maximum at 3356 cm™. By increasing the thickness of the film,
two bands at 1018 cm™ and 1096 cm™ became broader, and a shoulder appeared at 1177
cmt, which belongs to SiO; or higher oxidation state of silicon (SiO2+x) [81]. Also the

band at 1378 cm™ attributed to CH bending more prominent in thick film sample.

Figure 5-19 shows the repeated experiment for this sample. Although the noise
around the CH and OH bands is lower than the previous measurements, absorbance is
lower for this measurement (we consider signal to noise ratio as the intensity of the

peaks).
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Figure 5-18. Si-water film ATR spectrum of sample D2 (first measurement). Increasing
the thickness shows not only the absorbance increased by increasing the thickness, but
also the peak around 1100 cm™ became broader and a shoulder at 1177 cm arose, which
belongs to an SiO: (or SiO2+x) vibration.
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Figure 5-19. ATR spectrum of Si-water film from sample D2 with less noise (top). Effect
of the thickness of the film on the ATR spectrum is depicted in this figure (bottom).

There is a broad band in the fingerprint region composed of several bands whose
vibrational fregencies match with Si-O-Si, SiO and SiO: stretching vibrations. In the

water sample, a very low intensity, broad band can be seen around 1900 - 2000 cm™. This
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band may consist of another group of SiH stretching bands followed by SiH stretching
bands around 2160 cm™; however, this wavenumber may be related to the C=C stretch,
so in this case our water sample may just have carbon impurities. The other bands are the

same as for the previous measurement.

Although the intensity increased by adding layers, the peaks in the fingerprint
region became broader in both experiments and overlapped, making it difficult to
distinguish even two separate bands at 1018 cm™ and 1096 cm™, peaks which were
completely separate when the film had a thickness of one to three layers. Although they
were clearer in the spectrum recorded with three layers of sample, their intensity was very
low. The signal to noise ratio increases with increasing thickness. The OH stretching
vibration at 3400 cm™ arose by adding layers. The features of SiH bands around 2150 cm®
! were not observed for the first three layers; by increasing the thickness the intensity of

these peaks increased.

The experiment for this sample was repeated for a third time. In the third
measurement, the intensity was higher and the bands were very broad, as shown in Figure
5-20. Although increasing the thickness increased peak intensity, noise also increased for
this sample (Figure 5-21). As the thickness was increased the peak at 1130 cm™ (which
is related to SiO2) could be observed, but at same time some peaks (like the sharp peak at
1660 cm™ attributed to the C=C stretch vibration) disappeared because the baseline
increased as well; furthermore, peaks were always broader with more Si-water layers,
preventing us from distinguishing small bands. To see peaks present in thin sample layers
and then not clear in thick sample layers, the ATR spectrum for a sample with two layers
was recorded as well, in shown in Figure 5-20; this shows the SiO peak at 1059 cm?, a
new peak at 1660 cm™ (this could be a C=C stretch vibration), and some small and sharp

peaks around 2700 - 2800 cm™, which are related to CH stretches.

The features observed in this sample are: Si-Si vibration at 606 cm™, OH out-of-
plane bend at 766 cm™, SiH, wag at 830 cm, Si-O-Si stretch at 1014 cm™, SiO stretch
at 1059 cm, SiO; stretch at 1130 cm™, CH bend at 1353 cm™, OH bend at 1600 cm?,
the CO, doublet bands at 2363 cm™, CH stretch around 2700 - 2900 cm™, and the OH
stretch at 3390 cm™.
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Figure 5-20. Third measurement for sample D2. The intensity is very high and the
position of the peaks identical to those in previous measurements; however, peaks are
broader in this measurement, and the peaks at 1014 cm™-1130 cm™ have overlapped.
Some features detected for thin sample layers could not be observed for thicker sample
layers.
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Figure 5-21. Effect of thickness for Si-water film for sample D2 (in third measurement)
Is shown. By increasing the thickness, the intensity of the bands is increased, which shows
an emerging band at 1130 cm™; however, broadening the bands leads to deconvolution
difficulties and the actual disappearance of some smaller features.

As this sample had high intensity, we could detect a new peak at 606 cm™ which
was attributed to an Si-Si vibration in the bulk, helping to confirming our hypothesis
regarding bulk and surface clusters. This peak should exist in all samples but other sample
had very low absorbance so this peak was not clear. Although, we cannot be confident
about this region assignment due to the limitations of detector and crystal cut off in this

region.

The intensity of two bands at 1014 cm™ and 1130 cm™ is high but also very broad,
making them difficult to distinguish , so another sample (C9, Si-water) was investigated,
the spectrum of which is shown in Figure 5-22 in order to show these two bands more
clearly, which in this sample are separated. In addition to these bands, this sample has
another peak which may attributed to higher oxidation states of silicon (SiO2+x) or the
SiO; stretch at 1176 cm™. Also, there is another peak at 1290 cm™ detected only in

thickness film up to five layers, and then swamped in the thick film. This band may
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attribute to SiOs [81]. These two peaks at 1176 cm™ and 1290 cm™ are the new peaks.
Sample C9 is the sample with the highest fluorescence, which might be proof that the
fluorescence at 420 - 440 nm comes from such highly oxidized samples. When the sample
was not too thick, four separated bands can be seen in the fingerprint region by increasing
the thickness of the film; as usual, intensity increased and peaks became broader, so these
four peaks convolve to two. Sample C9 does not show the two peaks at 800 cm™ and 830
cm?, but it has an additional peak at 918 cm™, attributed to the SiH scissor vibration.

Sample C9’s ATR spectra are shown in Figure 5-22 and Figure 5-23.
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Figure 5-22. ATR spectrum of Si-water film, sample C9. The blue spectrum shows
sample measurement after putting on the tenth layer. The intensity of the peak is high
enough for silicon compounds bands, but for Si-water samples, even though the intensity
is high for such a thick sample, broadening prevents us distinguishing the peaks. For this
reason, the sample with seven layers of thickness is shown (green spectrum); although
the intensity is lower in this spectrum, it is obvious that there are four silicon-water related
peaks, which are SiH2 scissors at 918 cm™, Si-O-Si stretch at 1015 cm™, SiO; stretch at
1117 cm, and the SiO2+x (or SiOy) stretch at 1176 cm™.
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The peaks which exist in the ATR spectrum of Si-water film sample C9 are: SiH;
scissors at 918 cmt, Si-O-Si stretch at 1015 cm, SiO; stretch at 1117 cm™, SiOz+x (or
SiOy) stretch at 1176 cm, SiOs stretch at 1290 cm™ (can be seen in first five layers), CH
bend at 1348 cm™, C-O-H bend at 1424 cm™*, OH bend at 1570 cm™, SiH stretch around
1970 - 2180 cm™ (the bands around 1970 - 2000 cm™ may consist of C=C stretching
bands as well due to impurities), CO, doublet stretch at 2327 - 2371 cm™, CH stretch at
2850-2970 cm? (the third band belonging to CHs is negative here), and the OH stretch at
3380 cm™. This sample shows silicon species bonding in a different oxidation state
through clear and distinct spectral features. The peak at 1176 cm™, with a higher oxidation
state (SiO2+x) is a new peak, which is only observed in this Si-water sample. The silicon
oxide bond (Si-O-Si) is the same bond shown in references [240, 243] , and also the SiO-

bond is the same as that mentioned in references [84, 239].

This sample was investigated in different thickness similar to other samples, from
one layer to ten layers; see Figure 5-23. The relationship between the intensity of the
peaks and increasing the thickness is plotted for the bands at 918 cm™, 1015 cm™, 1176

cm, the baseline was the data points at 2500 cm™.

It can be seen in the fingerprint region that four (five for the first five layers) bands
convolute to two due to peak broadening, so we may have the band belong to SiO2+xin
Si-water, sample D2, as well, as we have seen in the spectrum of the first measurement
of sample D2, there was a shoulder at this frequency in the thick film. However, its
intensity was very low in thin samples, so it would not be detected and in thick film as
would be swamped. The SiO3 band at 1290 cm™ did not exist in sample D2 (or any other

sample).

These two Si-water samples were compared with pure water in Figure 5-24, to show

the peaks belonging to silicon species in the samples.
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Figure 5-23. Different thicknesses of Si-water, sample C9. By increasing the thickness,
the OH stretching band could be observed. Note the conversion of four bands to two bands
in fingerprint region.
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Figure 5-24. Comparison between the ATR spectra of pure water film and those of silicon
deposited in water samples. The peaks related to silicon-water species are clear and
intense. Pure water has negative signal for the triplet bands around 2900 cm™* because this
band may exist in the background (air), thus subtracting makes it negative in the pure
water film.

All Si-water samples show some carbon peaks that show the samples might have
some carbon impurities, or might otherwise happen because the experiments were
performed in atmosphere. The comparison with pure water confirms the existence of
silicon species in our Si-water samples. The background of pure water was air; as water
has a high absorbance, we could not subtract a pure water film background, as the sample

signal was already swamped.

A comparison between sample C9 and sample C2 Si-water film and liquid phases

is shown in Figure 5-25.
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Figure 5-25. Figure showing the comparison of spectra of samples C9 and C2 in film and

liquid phases
film samples.

. Bands belong to silicon bonding with water molecules are very clear in the
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Even though the absorbance of liquid samples was very high, making it difficult to
distinguish the silicon compound bands, some small silicon-oxygen species peaks can be

seen in the fingerprint region.

The variation in volume of each droplet, humidity and also subtracting the
background spectrum slightly change the shape, but the position of the peaks which show
silicon-oxygen species in the sample are all almost constant, although in different
conditions they become broader or sharper, or the intensity differs, but the structure they

show is the same. An overview of all Si-water film samples can be found in appendix 5.

5.2.2 Solvent effect on ATR spectrum

To compare ATR measurements of silicon deposited in three different solvents
(water, ethanol, and IPA), spectra were plotted in the same scale and are shown in Figure
5-26.

All samples show silicon-oxygen bands, although these bands are different in
intensity and oxidation state depending on the samples and solvent used. Si-water has the
highest absorbance amongst the samples, suggesting that the amount of silicon which had
bonded with oxygen was larger in water than in the alcoholic samples. Also, the ATR
spectrum of Si-water sample shows this sample was highly oxidized due to existence of
SiO2, SiO2+x, and SiOz bands. SiH bands which exist in all samples shows silicon particles
also interacted with hydrogen. In this case H-passivated/ H-terminated silicon clusters
replace surface Si-Si dangling bonds with Si-H bonds; if this happens, it reduces the

formation of a surface oxide layer [284].

The results of ATR measurements for silicon deposited in the different solvents are
in agreement with the XPS results, as they show the number of bonds between silicon and
oxygen is larger in the Si-water sample — due to an intense silicon-oxygen band in XPS,
and silicon-oxygen bands in ATR spectra — with respect to alcoholic samples, and also
the oxidation state in Si-water sample is higher than that in alcoholic samples, showing
that Si-water samples are highly oxidized and confirms the reason behind the greater blue
shift in the XPS spectrum of Si-water samples. Also the highly oxidised silicon species
in Si-water samples may be the origin of the fluorescence band at 420- 440 nm in emission
spectra of Si-water. So, the oxidation state of the silicon species has some considerable

dependence on the solvent.
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Figure 5-26. ATR spectra of silicon deposited in three different solvents are compared in
this figure. The Si-IPA sample has the lowest absorbance and Si-water sample has the
highest. As ATR spectra shows the bands and therefore the silicon oxygen species exist
in samples as well as their intensity depend on the solvent.

To compare the bands which exist in different solvents, silicon deposited in three
different solvents were plotted together without scaling in Figure 5-27. As the intensity
is not important in this plot, we show the spectra of thin samples to see the distinct peaks.
They show similar frequencies for silicon-oxygen species and SiH bands, but alcoholic
samples show a Si-C band which is absent in Si-water samples, and Si-water samples

have bands attributed to highly oxidised silicon that do not exist in alcoholic samples.
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Figure 5-27. Comparison of ATR spectra of silicon deposited in IPA, ethanol and water.

5.2.3 Solvent exchange

As was described earlier, the solvent of Si-ethanol sample A5 was evaporated and
the residue nanoparticles transferred to the other solvents. Figure 5-28 shows the process

and results for the solvent exchange experiment.

As inset of Figure 5-28 shows, the ATR spectrum of the reference sample was
measured and then solvent alternated three times between ethanol and water (by
evaporating the solvent and adding the other solvent to the residue). In step four, the
ATR of silicon particles in water was measured to compare with silicon directly deposited
to water. The sample of silicon nanoparticles transferred to water was split into two vials.
The vial with water was left open to allow the water to evaporate, and was then topped
up with ethanol to transfer back the particles to the original solvent. An ATR
measurement was performed to be compared with the first spectrum (third spectrum).
Another vial was topped up with IPA to compare with silicon directly deposited on IPA

during fabrication.
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As it can be seen, the interaction of silicon nanoparticles with water is much higher
than with alcohol. When nanoparticles were transferred to water absorbance increased,
and subsequently decreased when the sample was transferred back to ethanol; the same
was observed when nanoparticles were transferred from water to IPA. Also, we can see
in Figure 5-28 that when particles were transferred to water, they became highly oxidized,
when they transferred from water to IPA they became deoxidized. In addition to the
oxidation/deoxidation process, the cluster-solvent interaction is different for different
solvents. This was the case even when transferred back from water to ethanol, although
the intensity of the peaks was higher than the reference sample. The difference between
the reference Si-ethanol sample and the ‘transferred’ Si-ethanol sample may have been
due to incomplete water evaporation during the drying process, with water molecules left
trapped [on the cluster surfaces] by the silicon clusters, similar to the Si-water (or Silicon
transferred to water) sample itself (because of high reactivity between silicon and water).
Also, the sharp peaks in this spectrum can be attributed to ethanol, possibly showing that
the ethanol did not evaporate completely. A sharp peak at 670 cm™ appears — which
belong to a SiH bending mode — which was not in the Si-ethanol samples. ATR results
show the interaction of silicon particles with IPA are very low, either during the
production or when transferred to the IPA solvent.

The spectra of transferred nanoparticles show the same bands as the spectra of

silicon clusters directly deposited in ethanol, IPA or water.
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Figure 5-28. Figure showing the ATR spectra of recorded during the solvent exchange
experiment. The reference sample was silicon deposited in ethanol (sample A5, as a film).
In the inset, the highlighted square shows which sample step was actually being recorded.
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As has been mentioned, the ATR crystal is very small, and when a small drop of
alcoholic sample is put on it, the drop typically spreads beyond the crystal. This can be
straightforwardly controlled for water samples, but for alcoholic samples this is far more
difficult, especially for IPA due to its low viscosity. We thought that this may wash the
nanoparticles beyond of the crystal boundaries as the solvent spread over the crystal, and
thus the intensities observed for alcoholic samples is very low or occasionally non-
existent. So, we decided to perform an experiment by using HOPG crystal as a substrate;
in this case, intensity was higher, however the same bands were detected (see appendix
5).

5.2.4 FTIR characterisation

For transsmision measurements, as previously mentioned, a liquid cell was used.
Different spacers were used to alter absorbtion and tranmission characteristics. By using
thicker spacers, all source beam was absorbed by water in Si-water samples, and was also
very high for alcoholic samples. Hence, the smallest spacer, which is 20 microns, was

used, although the absorbance was still very high.

Since absorbtion was very high for these solvents we could not use pure solvent
measurements to take a background, so background spectra were taken from empty cell.
Because of high absorbance of the sample, we could not distinguish features due to silicon

species, so we decided to measure the samples as film.

All water samples transmittance spectra and the associated pure water spectrum are
shown in appendix 5. The transmittance spectra of Si-water are very similar to the
absorbance spectra measured by ATR spectroscopy and show the same bands, although
transmittance spectra had slightly higher intensities. Pure water did not show any
transmittance band, so all features can be attributed to silicon species. The same
experiments were performed for sample Al in Si-IPA and sample A5 in Si-ethanol; the
peaks were very weak for alcoholic samples (see appendix 5). As the intensity was very

low for Si-ethanol and Si-IPA samples, the pure solvent was not measured.
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5.2.4.1 Solvent dependence transmittance

Transmittance spectra of silicon deposited in three different solvents are compared
in Figure 5-29. In all these spectra, the sample was a film on a ZnSe window, with the
film formed by a 10 ul drop of sample, with a background recorded using the same

amount of pure solvent as was used to produce the sample.

The transmittance bands are very similar to the absorbance measurement and show
solvent dependence. We believe silicon particles in alcoholic samples tends to bond with
the alcohol less than they do with water and, in water, they interact with solvent molecules
more and also have a higher oxidation state. As the experiment was performed in
atmosphere, an intense CO, band can be seen for the alcoholic samples, though given the

change in appearance of the atmospheric water bands, this appears to be purely

coincidental.
10ul (1drop) Si water (C9) film ZnSe-Background pure water film (10ul-1drop) ZnSe
10ul (1drop) Si IPA (A1) film ZnSe-Background pure IPA film (10ul-1drop) ZnSe
0.010 10ul (1drop) Si ethanol (A5) film ZnSe-Background pure ethanol film (10ul-1drop) ZnSe
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Figure 5-29. A comparison between transmittance spectra of silicon deposited in different
solvents. It shows that transmittance of silicon clusters depend on the solvent used.
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As the intensity was very low for the alcoholic samples, the experiment was
repeated with a mask for Si-IPA. In this experiment, the ZnSe substrate was coverd by a
mask, so the IR source light only passed the area which was covered by sample (in
previous experiments, the source light passed beyond the sample on the ZnSe plate.

however, the intensity of transmittance spectra did not change.

5.2.5 Comparison of ATR and FTIR spectroscopy

To see the difference between ATR spectroscopy and FTIR spectroscopy, the
absorbance and transmittance spectra of sample C9, as a Si-water film, are compared in
Figure 5-30.

In a first experiment, the same amount of sample (10 ul) was used for the
absorbance and transmittance measurements. The intensity in the transmittance spectrum
is much higher than in the absorbance spectrum. Although one can see several distinct
bands in the absorbance spectrum, the intensity is very low with respect to the

transmittance spectrum.

In a second experiment, five times the amount of sample was used for absorbance
spectra than transmission spectra; despite this, the absorbance spectra intensities was still
lower. The position and shape of the peaks was exactly the same in both methods.
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Figure 5-30. Figure showing absorbance and transmission spectra for Si-water sample
C9. The top figure shows the use of the same amount of sample for all measurements (10
ul). In the bottom figure, the amount of sample used for the absorbance experiment was
five times higher.
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5.3 Conclusions

Experiments with the different substrates showed the appropriate substrate for our
samples is HOPG, and the results showed the samples did not interact with the HOPG.

XPS peaks were blue shifted respect to those of bulk silicon, which shows silicon
was oxidized or interacts with the solvent in our method, and these bonds still exist even
when the solvent evaporates. ATR spectroscopy confirms this, and shows the bands
which belong to silicon species due to interaction of the silicon with the solvent, and that

by evaporating the solvent, some of these bonds remain and can be detected by ATR.

The ATR and XPS results show that silicon particles were oxidized in all solvents,
but oxidation states and the intensities of associated peaks depend on the solvent. XPS
spectra showed different binding energies for silicon deposited in IPA, ethanol and water
due to different levels of oxidation. According to both ATR and XPS results, water
samples had the highest level of oxidation and IPA samples had the lowest. ATR spectra
showed SiO2.x, and SiO3 bands were only observed in water samples. We attributed the
fluorescence band of Si-water at 420- 440 nm in emission spectra to highly oxidised
silicon in Si-water samples, and the fluorescence bands of Si-IPA at 365 nm and Si-

ethanol at 370 nm attributed to silicon-oxygen species with lower levels of oxidation.

The intensity of the peaks in XPS and ATR spectra indicated that the number of
silicon particles that bonded with solvent was greater in water than in alcohols. Amongst
the three solvents, the tendency for interaction with nanoparticles was lowest for IPA.
Silicon particles in IPA did not interact greatly with the IPA, when it was used either

during production or during solvent exchange experiments.

The ATR and XPS results show spectra of transferred particles are the same as the
spectra of silicon clusters directly deposited, so transferred samples are identical and
equivalent to directly deposited samples. The ATR results also showed that solvent

exchange is a reversible process.



Chapter 6

Conclusions, discussion, and further work

In this chapter, our work, a general discussion and conclusions regarding this

project are summarised. Also a few suggestions for further work are also presented.

6.1 Discussion and Conclusions

In this project we synthesised fluorescent silicon nanoclusters using a novel liquid
jet method by deposition of the silicon particles directly onto the liquid phase. In this
method, the user can vary the interaction between solvent and silicon particles. Different
parameters can affect cluster properties: the solvent which is used as liquid jet, stagnation
pressure of the liquid jet, the power of magnetron (sputter head), capillary diameter,
distance and angle between cold target and capillary, and duration of deposition. Samples
can be produced in different solvents such as water, ethanol and isopropanol, depending
on the required application. Of these solvents, water is especially important as the
production material as a mechanism for application in vivo, i.e., in modern medicine. In
this method several millilitres of sample solution can be produced in less than 20 minutes.
The AFM measurements show clusters have a 1 nm height.

All nanoparticles produced so far show intense fluorescence, with two fluorescence
peaks. In our model, the first peak originated from fluorescent silicon clusters localised
in the bulk volume, which shows an intrinsic band with a fluorescence wavelength of
~310 nm in any solvent, although our decay measurements showed it might be
coincidental as they showed different lifetimes. The second peak, attributed to
fluorescence at a cluster surface site (fluorescent states are localised at the cluster
surface), has a peak fluorescence wavelength that is dependent on the specific solvent
used for the liquid jet. The second peaks for IPA, ethanol and water were observed at 365
nm, 370 nm, and 420 - 440 nm, respectively. The second peak wavelength shows

sensitivity to the surface silicon cluster-solvent interaction, dipole moment of solvent
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molecules, and steric effects. The sensitivity is manifested by distinct solvent shifts of a
supposedly localised electronic transition, and suggests that the transition is localised at
the surface of the nanoparticles. A tentative assignment relates the fluorescence to defects
at the cluster surface, caused by a chemical reaction of pure silicon clusters with
molecules of the solvent. Here, we presented results that support this assignment: silicon
clusters in alcoholic solvents show fluorescence bands that are blue-shifted with respect
to the fluorescence in aqueous solvent. We interpret this finding as due to a similar
chemical interaction of silicon in alcohol and water: in both cases, we believe that silicon-
oxygen and SiOH groups are formed at the cluster surface. However, the fluorescence
wavelengths differ, which we believe is caused by the different interaction of clusters
with solvent, and different dipole moments (the larger the dipole moment, the greater the
fluorescence shifts towards longer wavelength for IPA, ethanol and water samples), and

also we need to consider steric effects.

The excitation energy dependence of the fluorescence for each sample shows un-
shifted bands, which gives evidence that the fluorescent transitions originate from
localised defects. Excitation spectra of the first fluorescence band confirm that
fluorescence at ~310 nm comes from the same excited state for silicon clusters produced
in different solvents (it might be coincidental), whilst the second fluorescence bands

originate from different excited states, depending on the solvent.

Fluorescence investigation of the film samples also show the first band at ~310 nm,
and the second band around 410 - 440 nm for any solvent. We assume that by evaporating
the solvent, particles no longer bond with solvent molecules and, by exposing to the air,
clusters become oxidised and show the same band as the Si-water sample in the liquid
phase, which leads us to conclude particles are oxidised in water more than in alcohol.
Measurements of film and liquid samples in the same condition (measured in Desy) show
film samples have higher intensity than liquid samples, because there is no quenching in

film sample.

First peak around 310 nm is present in all film and liquid sample in produced in any

solvent.

Our observations and our specific production method, without the need for further
treatment to stabilize our solutions, also suggests that an intrinsically stable form of

silicon nanoclusters in solution exists, and shows stable fluorescence over long period.
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Our aging experiment proves that these fluorescent particles have not agglomerated and
remained chemically stable in solution after several years, and that the fluorescence
intensity did not change on the timescale of approximately a year. Si-water samples
showed quantum yields of 8% to 10% three years after their original production, which
is a high quantum vyield for applications such as medical and biological imaging and
diagnostic labelling. The Stern- Volmer plot of diluting the samples shows fluorescence
of silicon clusters produced in alcohol were quenched at high concentrations by particle-
particle interaction, while Stern-Volmer plots do not show any quenching for Si-water
which shows dynamic stability of the sample. A linear relationship between absorbance
and concentration of the sample shows chemical stability of our samples. Fluorescence
intensities of the samples were measured at different temperatures from 8 K to 300 K, by

subsequent cooling, the sample fluorescence intensity increases.

Solvent exchange experiments show that the position of fluorescent peaks of the
nanoclusters not only depends on chemical reactions between silicon particles and the
liquid jet during growth, but also on the solvents that nanoclusters have been kept in. The
first peak did not change during solvent exchange. However, the second peak, which
belongs to surface clusters, shifted every time the solvent was changed. The results of
solvent exchange showed the transferred particle to a specific solvent is equivalent to
silicon directly deposited in that solvent. Observation showed solvent transfer is fully
reversible. Distinct correlation with the solvent and the reversibility of the process
supports our initial assignment for nanoparticles regarding the existence of a fluorescent
site on the surface of the cluster for the second peak, and the fluorescence wavelength
dependency of the second peak on the solvent. As we can change the fluorescence
wavelength by transferring the particles to another solvent, samples can be produced in
any solvent and, depending on application and required wavelength, can be transferred to

appropriate solvent at a later time.

Decay time measurements show fluorescence lifetimes of our samples are in the
range of a few nanoseconds, which varies from 3.7 ns for Si-water samples to 5.6 ns for
alcoholic samples. Several parameters can affect fluorescence lifetime, such as: excitation
wavelength, the lifetime can be decreased as excitation wavelength is increased, phase of
the sample (liquid or film, as the solvent evaporated for film samples, they did not show
dependency to samples’ solvent), film samples show lifetime longer than liquid sample

as there is no quenching for film sample so lifetime (and also intensity) increases by
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making film sample, temperature, lifetime decreases with increasing temperature from 8
K to 300 K, and the solvent (in liquid samples), Si-water samples have shorter lifetimes
with respect to alcoholic samples. Although these parameters can affect the fluorescence

lifetime, its range is still in the order of a few nanoseconds.

X-ray photoelectron spectroscopy (XPS) and attenuated total reflection (ATR) was
used to analyse the chemical composition of the materials. Chemical analysis of
nanoparticle films revealed that silicon within the nanoparticles interacted with the
solvent and was oxidized. Silicon peaks in XPS spectra are blue-shifted with respect to
those of bulk silicon, and binding energies recorded for silicon peaks show silicon is
oxidized in our production method, which is confirmed by ATR results. The silicon
nanoclusters have different chemical properties and different oxidation states of the
species depend on the solvent. Silicon (2s, 2p) peaks and oxygen (1s) peaks show silicon
in water oxidises much more than in alcohol (pure silicon and oxygen peaks were not
detected in XPS spectra for any sample). The Si-IPA sample had a peak at the binding
energy of SiO, ethanol showed its peak at the binding energy of SiOx (1 < x < 2) and Si-
water showed SiO> binding energy peak. The Si-water peak was a broad band which
showed it had other components of silicon oxide like SiO and SiOx. Si-water samples
have the highest level of oxidation and Si-IPA samples have the lowest.

Integrating the area under the XPS peaks, and thereby determining peak intensity,
shows that the number of silicon nanoparticles that interacted and bonded with the solvent

was greater in water than in alcohols.

ATR spectra show silicon particles interact with oxygen, hydrogen, and carbon.
Infrared absorption bands were attributed to Si-Si, SiC, SiH, SiH,, SiCHs, SiOH, Si20,
SiO, Si0Oy, Siz03, SiO2+x (only in water sample) and SiOz (only in sample C9 which is
high fluoresct sample) species, although all these bands were not present in every sample,
and different samples showed different intensities for the same band. ATR shows the
presence of bonds related to oxidation states linked to Si>O, SiO, SiO2+x, and SiO2. ATR
results, similar to XPS results, show all samples were oxidized but, depending on the
solvent, samples were at different oxidation states, and also that the intensity of the peaks

(absorbance) were different, an effect which is related to sample solvent.

The intensities of the peaks (absorbance) in ATR spectra is proportional to the

number of nanoparticles interacting, and forming bonds, with solvent molecules. The
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intensities observed in ATR spectra confirm XPS results, and higher absorption
intensities of silicon species in Si-water samples show the interaction of the silicon
particles with water molecules is higher than alcoholic samples, and that nanoparticles
form more bonds with water molecules than alcohol molecules, so the number of oxidised
silicon clusters in water is greater than in alcohol. ATR peak frequencies also show higher
oxidation states in Si-water samples than in alcoholic samples, which is also in agreement
with XPS results.

The intensity and existence of silicon-oxygen bands in XPS and ATR shows that,
amongst the three solvents, IPA has the lowest reaction rate and the lowest tendency to
oxidation, and highest for water. Observation shows that even one drop of pure water
added to alcoholic samples can oxidize the sample and cause a fluorescence shift from
370 nm to 420 nm. As XPS and ATR analysis confirms that the silicon in water is present
in a high oxidation state, and additionally that the clusters are extremely oxygen rich, this
leads us to conclude that the deep-blue fluorescence at 420 - 440 nm emerges from oxygen
rich states, and that the bands at 365 nm and 370 nm for alcoholic samples come from

lower oxidation states.

The solvent exchange results of XPS and ATR experiments show spectra of
transferred particles are identical to, and show the same bands and almost same intensity
as, the spectra of silicon clusters directly formed in the same solvent. Therefore, a sample
transferred to another solvent, and its structure and chemical characteristics in that
solvent, are equivalent to those seen for the sample prepared directly on that solvent. So,
clusters can be produced in any solvent and transferred to appropriate solvent at some

later stage, as appropriate to circumstance.

Oxidation of silicon particles in IPA is very low, either during production or when
the sample is transferred to IPA. The results show that when the sample is transferred to
alcohol, its oxidation state is lowered; when the nanoparticles are transferred to water, the
oxidation state is increased. Hence, the solvent exchange experiments suggest that several
stable forms of silicon nanoclusters, in different oxidation states, exist. These can be
interchanged by reversible reduction and oxidation. Similar to directly deposited samples,
the intensity of the XPS and ATR peaks indicates that the number of oxidised silicon

clusters in water is greater than in alcohol.



Chapter 6 Conclusion, discussion... 203

The results show with our novel method we can produced several millilitres of
oxidised stable fluorescent silicon nanocluster (of 1 nm height) solution by deposition of
silicon in a liquid jet, which can be any solvent, in a less than 20 minutes. Optical and
chemical characterisation for more than 50 samples show reproducibility of the sample

with this novel method.

6.2 Further work

In our synthesis method, it is interesting to study the effect of the production
parameters, which can affect cluster properties to a significant degree. It is also very
important to know exactly how the user can control these parameters, for example: how
much silicon vapour is deposited on the liquid jet, how much does the liquid jet interact
with particles and what volume of liquid is required for production.

We suggest, as further work, the synthesis of clusters with mixed solvents, for
example water and alcohol, to investigate the effects on the fluorescence band and
chemical composition. There are two possibilities, the results show both fluorescence and
XPS peaks which belong to silicon in alcohol and water, or all particles may be oxidised
in water, as particles interact more with water molecules. Although our experiments show
by adding one drop of water to alcoholic sample that clusters were oxidised, so we predict

particles will be oxidised in mixed solvents as liquid jet.

Dilution experiments and Stern-Volmer analysis showed the fluorescence of silicon
deposited in alcohol was quenched, so calculation of particle-particle interactions to

investigate the quenching effect on fluorescence could help to characterise the sample.

A study of the concentration of particles in solution, and the effect of production

method on sample concentration, would be useful in sample characterisation.



Appendix 1

Equipment operation to produce silicon nanoclusters

To start the experiment, the user should place the bell jar and make sure it is stuck
to the plate, and then on the monitor screen (which is touch screen), press start. The rotary
pump starts, and on the screen a “backing pump” message appears. After a few minutes
the pressure will reach to 102 mbar. At this stage the turbopump automatically starts
working and the valve between chamber and pump opens, at which point the screen shows
a “high vacuum” message. If there is no leak in any of the chamber seals, it takes less
than 20 minutes for the pressure to reach10® mbar. We sometimes also added liquid
nitrogen through a pipe into a cold trap to accelerate the speed of evacuation by removal
of excess water vapour. A base pressure around 2 x 10 - 6 x 10 mbar is ideal to start
the experiment.

At this stage one should press the “cycle” button on screen, which closes the valve
between the chamber and turbopump, at which point the monitor shows a “Roughing
Pump” message. After a few seconds, the pressure stabilises, and the user can open the
argon valve and let argon gas into the chamber, which is necessary for sputtering. The
user should control the amount of the argon gas which enters the chamber because if it is
allowed to get too high, and the pressure reaches to 8 x 10 mbar, the device will
automatically stop working. A good pressure for the experiment is ~2-3 x 102 mbar.
Sputtering requires argon at a pressure of 102 mbar to be introduced into the vacuum
system. During sputtering and liquid jet operation, one should monitor the pressure and
keep it in the above range by varying the amount of argon gas. When the sample has been
produced and the sputtering and liquid jet stopped, the device is ready for venting. By
pressing the “vent” button on the screen and opening the argon valve, the turbopump
stops working and the chamber is vented by argon gas; the pressure reaches atmosphere

pressure in less than two minutes.
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The ability to achieve good vacuum quickly allows us to change experimental
parameters and fix problems in a very short time, allowing for maximum uptime of the

experiment.



Appendix 2
XPS operation

When the sample is ready (as explained in chapter 3) it can be inserted into the load
lock chamber. In this stage, the load lock chamber is under vacuum and need to be vented.
There are two pumps for load lock chamber: a turbopump and a backing pump. First, the
turbopump should be allowed to spin down, at which point the backing pump can be
switched off. Argon gas is used to vent the load lock chamber; when the pressure is 760
mbar, this chamber can be opened and the sample located in the holder, which is mounted
on the end of a magnetic transfer arm. By closing the chamber window and stopping the
flow of argon gas, one can turn the backing pump on. Then turbopump is switched to fan
until the pressure reaches to 1-2 mbar and can be switched on fully, after which it takes
~1 - 2 hours to evacuate the load lock to a suitable pressure. The sample is then ready to
be transferred to preparation chamber.

Before transfer, the ion gauge in the preparation chamber should be turned off and
a current setting of 0.1 mA should be set on its controller box. The user should do the
following steps in sequence: open the valve between load lock and preparation chambers,
transfer the sample to the sample head, withdraw the transfer arm and close the valve, set
autocurrent on the ion gauge controller for the ion gauge in the preparation chamber, and
then leave the system for about two hours until the pressure of preparation chamber again
reaches it nominal base pressure of 1071° mbar. At this point, the sample should be ready
to transfer to the analysis chamber, although the sample may be kept in the preparation
chamber for longer if it needs further degassing/ cleaning.

To transfer the sample to the analysis chamber, the gate valve between preparation
and analysis chambers should be opened and the sample transferred to the xyzr-
manipulator in the analysis chamber; the magnetic transfer arm used to achieve this

should then be withdrawn from the analysis chamber and the gate valve closed.
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At least 10 minutes before turning on the X-ray source, the cooling water circulator
should be turned on. Set the sample in the optimum position for analysis via the xyzr-
manipulator — the sample can be seen through the [lead glass] window at the end of the
analysis chamber —, and move the X-ray source, via the z-manipulator it is mounted on,

as close as possible to the sample.

There are two interlocks that control the safety (in terms of overpressure,
overheating, current/voltage spark, etc.) of the X-ray head, both interlock buttons on the
controller box should be set to “on”. Afterward, turn on the X-ray power, EAC2000-125
[Omicron energy analyser controller] and multiplier power supply at the controller and,
also, the EA125 [Omicron hemispherical energy analyser] controller should be turned on.

Figure A.2-1 shows picture schematic of the XPS spectrometer and its controller
box. To operate the spectrometer, the user should use the Omicron X-ray 554 control
software. In the software the following parameters should be set: switch to the emission
mode, select the magnesium (Mg) anode, set the anode voltage to 15 kV, set emission to
15 mA, and switch the X-ray gun on. The user should then wait until the voltage and
emission current from the X-ray source matched their set points in the software inputs

(and the appropriate indicators in the software change to green), as shown in Figure A.2-2.

micron

Technology

Figure A.2-1. Leftf Top view of the XPS spectrometer. Right: I<‘)An gauge controllers
showing the pressures of the different chambers.

At this point, the experiment can be started. To this end, one must open the EIS
software and select the XPS experiment. The EIS software interface is shown in Figure

A.2-3. At the bottom of the window, the parameters for the experiment can be set, as were
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described for our experiment in chapter 3. A survey scan can then be recorded. Figure
A.2-3 shows a survey recorded for our sample, and an example of the software library

used to identify the observed peaks.

To optimize the experiment, the user should open the EA125 software control
interface shown in Figure A.2-4, check the multiplier box, and start to change the angle
(¢) and position parameters (X, Y, z, r) of the xyzr-manipulator to maximise counts and

optimise the signal/noise ratio.

The procedure to turn the X-ray gun off is as follows: close the EIS software, in the
Omicron X-ray 554 control software turn the current to zero and wait until the current is
in the region of 3 mA or less before turning the voltage to zero, wait until voltage is zero
(along with emission and leak currents) and turn the controller software off and, finally,
close the software. The user should then turn off the X-ray power, EAC2000-125,
multiplier supplies, and waiting for X-ray unit to cool (leaving the chiller circulating for
at least half an hour after turning off the power). Finally, the X-ray source should be
withdrawn from the sample region via its z-manipulator and the chiller should be turned
off.

Demanded Actual
values values Load, Save and Delete a profile
1

Close
the application

Limits set X
in Engineer ]
Settings =
[ Cathe Chanral-———— s

o, 2
Z:
Open and close setup window
Figure A.2-2. X-ray controller software. In this interface we can choose the anode, and
also define filament current, emission current and anode voltage.
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Figure A.2-3. An example survey spectrum The parameters which were chosen for
experiment can be seen in the table at the bottom of the software interface (these are
generally just used as file metadata when the experimental data is saved, and mostly do
not actually affect the experiment itself). By choosing appropriate elements in the
software library, the probable identity of each atomic peak is defined.
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Figure A.2-4. EA125 software control interface. By changing the position of the sample,
the intensity will change and one can optimize the peak intensity and signal/noise ratio of
the experiment.




Appendix 3
Complementary information about ATR and FTIR

experiments

3.1 Quality of the beam and PV test

When an accessory is installed in the IR spectrometer, the Omnic control software
automatically asks user to approve the type of accessory and crystal type, otherwise one
should select them manually in the software. The software automatically optimizes the
quality of the beam, but the user needs to check the quality and quantity of the source via
an interferogram. The interferogram should be in the range of maximum and minimum
intensity (0.2 - 9.8) that is described in the software, and the shape of interferogram should

be symmetric in the horizontal and vertical axes.

Once a month, or whenever the energy throughput decreases, the user needs to align
the spectrometer. To do an alignment, one needs to run a Performance Verification (PV)
test. The PV test checks the system, performs an alignment, and checks the laser
calibration. The alignment maximizes the energy throughput. The user can align the

spectrometer without doing a PV test, but running the PV test will do this automatically.

3.2 ATR and FTIR accessories

As was described in chapter 3, the iD5 accessory was used for ATR measurements.
It has a pressure tower, called an anvil, which is used for powdered and solid samples to
press them against the ATR crystal. The anvil is not suitable for liquid samples or, as if
turned out, our drop-cast film samples. Figure A.3-1 shows the iD5 ATR device installed

in a Nicolet iS5 spectrometer. For transmission measurements, the iD1 accessory is
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installed in the spectrometer. It can be used for gas, liquid and film samples. Figure A.3-2
shows the spectrometer working in transmission mode, and a liquid cell (described in
chapter 3) is used to record IR spectra of liquid samples. There were several slots in the
iD5 accessory that the sample can be placed in, but a slot at or near the focal point of the
beam was the best position. The focus position is indicated by arrows within the device
bay.

Figure A.3-1. The iD5 accessory for ATR measurements. Picture on the right shows iD5
device, and it has been installed in iS5 spectrometer in picture on the left.

Figure A.3-2. The iD1 transmission accessory. Left, the device has been installed in an
IS5 spectrometer, to measure transmission spectra. The position of the liquid cell in the
transmission accessory is shown in the picture on the right.



Appendix 3 Complementary information... 212

3.3 ATR spectra correction

One can interconvert between absorbance and transmittance spectra in the data
acquisition and analysis software. To convert spectra, the spectrum should be selected
and, in the process menu tab - depending on the required spectrum - absorbance or

transmittance should be chosen.

Generally, the spectra measured by ATR (absorption) and spectra measured by
FTIR (transmission) should have the same frequency for a specific band, but sometimes
ATR spectra are slightly shifted in vibrational frequency. To correct for this shift, one can
use the Advanced ATR Correction Result tab in the software, and the software will correct
the spectrum according to the common shift that often happens in ATR measurements,
automatically. These common shifts can be seen in ATR spectra because the refractive
index of a sample causes changes the region of its absorption peaks, known as ‘anomalous
dispersion’. Anomalous dispersion shifts the peak slightly from its location in the
equivalent transmission spectrum. Advanced ATR correction corrects this shift through
application of mathematics and/or empirically shifting peaks by comparison to the
analogous transmission spectrum. It may be helpful but not always, when the correction
is applied, the positions of the peaks are matched more closely to those of the transmission
data (sometimes, however, the software cannot do the correction properly because it
matches a recorded peak with a known peak, which may be different band with measured
band). To be able to apply this correction (in the Advanced ATR Correction Result tab)
one has to select the crystal which was used for experiment, the angle of incidence (which
was always 45° because in ATR experiments the IR beam enters the crystal at this angle),
the number of bounces within the ATR crystal, and also sample refractive index (note
that if an unknown sample was used, one could use an average of 1.5 which would be
reasonable). Data corrected with the software in this manner is, nevertheless, still an
approximation to the data that would have been collected in the transmission mode of the

spectrometer.
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Complementary spectra to chapter 4

4.1 Absorbance spectra
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Figure A.4-1. Absorbance spectra of Si-IPA samples. The absorption peak wavelength is
different for different spectra.
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Figure A.4-2. Absorbance spectra of Si-ethanol samples.
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Figure A.4-3. Absorbance spectra of Si-water samples.
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4.2 Effect of filter on fluorescence

Although the AFM measurement shows the size of the clusters is ~1 nm, some
larger particles may still exist in the sample. It is, a priori, not clear if all clusters in the
samples fluoresce or if the fluorescence is only due to a subset of clusters within a specific
size distribution. To investigate whether the fluorescence comes from all clusters or a
specific subset, and to study the relationship between the size of clusters and fluorescence
intensity, we performed a filtering experiment and investigated the cluster size
dependence for Si-IPA and Si-ethanol samples. 200 nm Acrodisc Eppendorf filter was
used for this experiment. The results for a Si-IPA sample before and after filtration for

three different wavelengths are shown in Figure A.4-4.

As can be seen, fluorescence intensity increased after filtration. This suggests that
fluorescence predominantly comes from only small clusters, and larger particles do not
fluoresce and, possibly, may even scatter fluorescent light from those particles that do
emit. We attribute the increasing fluorescence intensity to fluorescence quenching due to
collisions with bigger particles in the unfiltered solution. Both fluorescence peaks
increased when the sample was passed through the filter. The Rayleigh peak should be
more abundant in larger clusters; hence, the intensity is reduced after filtration. Big

clusters are strong scatterers, and cause more scattering of light.

The results for Si-ethanol are shown in Figure A.4-5.
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Figure A.4-4. Figure comparing emission spectra of samples before and after filtration.
The samples were excited at 250 nm, 270 nm, and 308 nm. The plots on the right belong
to Si-IPA sample D4, and the left to Si-IPA sample B2.
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Figure A.4-5. Difference between fluorescence intensity before and after filtration of Si-
ethanol sample.

4.3 Time-correlated fluorescence spectroscopy

In chapter 4, the spectra of three different components (int, fast, slow) of each
sample at one excitation and one emission wavelength were shown; here, spectra for other

excitation and emission wavelengths for each component are shown.

4.3.1 Silicon-ethanol liquid

Sample B5 is Si-ethanol in the liquid phase. Experiments were performed at room
temperature. For all emission spectra, filter WG280 was used. The emission spectra are
shown in Figure A.4-6. For excitation spectra emitted at 300 nm and 330 nm, filter
WG225 was used, whilst for 310 nm, filter WG280 was used. The excitation spectra are
shown in Figure A.4-7.

All the spectra were normalised; A normalized excitation spectrum (int) emitted at
300 nm is shown in Figure A.4-6 as a comparison with the same spectrum before

normalization.
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Figure A.4-6. Emission spectra of different components of Si-ethanol liquid sample.
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Figure A.4-7. Excitation spectra of different components of Si-ethanol liquid sample. The
normalised int component at 300 nm is shown as a comparison with the same spetrum

before normalization.
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4.3.2 Silicon-ethanol-film

Emission spectra of sample B5, as a Si-ethanol film, are shown in Figure A.4-8.
For recording emission spectra, filter WG225 was used. The experiment was performed

at room temperature.
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Figure A.4-8. Emission spectra of different components of Si-ethanol B5 film sample.
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Excitation spectra of Si-ethanol film for sample B5 is shown in Figure A.4-9. The
filter used for 410 nm and 300 nm emission wavelengths was WG280, and for 290 nm

was filter WG225.
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Figure A.4-9. Excitation spectra of different components of sample B5 Si-ethanol B5
film.
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Another Si-ethanol film sample was investigated, sample B6. For excitation at 203
nm filter WG225 was used, and for excitation at 228 nm and 290 nm, filter WG280 were

used. Measurements were performed at room temperature. Emission spectra are shown in

Figure A.4-10.
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Figure A.4-10. Emission spectra of different components of Si-ethanol film, sample B6.
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The excitation spectra of this sample were measured and are shown in Figure
A.4-11. They were recorded at room temperature using filter WG280.
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Figure A.4-11. Excitation spectra of different components of Si-ethanol film, sample B6.
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4.3.3 Si-IPA-film

Emission spectra of Si-IPA film, sample C4, are shown in Figure A.4-12.

Experiments were performed in room temperature and filter WG280 was used.

2000 Ty
i —=— 96nm- fast 1
i ; 112nm- fast T
i AN ——— 142nm- fast | |

1500 | JELY LR 198nm- fast

! Si-Isopropanol-C4-film-em

1000

Counts

500

500 600
Wavelength (nm)

[ 96nm- slow
350 112nm- slow [+

[ 142nm- slow |

i 198nm- slow | ]
300 —

250

Counts

200

LI B B

150

300 400 500 600 700 800

5000 r——T————— T —r—r——r—v—r—

2t
Y —=— 96nm- int
N ) :
o . = 112nm- int 4
- 'qﬁ kY —— 142nm- int g
4000 A t“.}_\ b —— 198nm- int | -
r's Y 1 Si-Isopropanol-C4-film-em
‘»".
17 P,

= “‘
- P4 . %;'
3000 B ;;. gii{",;‘g-ﬂ.-

2000

Counts

1000 +

300 400 500 600 700 800
Wavelength (nm)

Figure A.4-12. Emission spectra of different components of Si-IPA C4 film sample.
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The excitation spectra recorded at room temperature using filter WG280 are shown
in Figure A.4-13. A normalized excitation spectrum (int) emitted at 420 nm is shown also.
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Figure A.4-13. Excitation spectra of different components of Si-IPA C4 film sample.
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4.3.4 Si-water-film

Si-water film, sample D8, was investigated in room temperature. Filter WG225 was

used for all measurements except measurement at 259 nm, where filter WG280 was used.

Emission spectra recorded for this sample are shown in Figure A.4-14.
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The excitation spectra of Si-water film, sample D8, were recorded at room
temperature and filter WG280 was used for all measurements except the measurement at
563 nm, where filter WG225 was used.
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Figure A.4-15. Excitation spectra of different components of Si-water D8 film sample.



Appendix 4 Complementary spectra...

228

4.3.5 Si-water-liquid

Emission and excitation spectra of Si-water liquid sample C2 were recorded at room

temperature, using filter WG280. The results are shown in Figure A.4-16 and Figure
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Figure A.4-16. Emission spectra of different components of Si-water liquid sample C2.
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Figure A.4-17. Excitation spectra of different components of Si-water liquid sample C2.
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4.4 Dependence of fluorescence on temperature

The dependence of fluorescence spectra on temperature was discussed in chapter 4,
and results for int components excited at 203 nm at three different temperatures were
shown. Here, the results for all components (fast, slow, and int) and different wavelengths
(203 nm, 228 nm, and 290 nm) at 8 K, 28 K, and 300 K are shown. All spectra were
recorded by using filter WG280, except the spectrum at room temperature excited at 203
nm, where filter WG225 was used. Figure A.4-18, Figure A.4-19, and Figure A.4-20

show spectra at 203 nm, 228 nm, and 290 nm, respectively.



Appendix 4 Compleme

ntary spectra... 231

T v T L - ® " % [ & ¢ & &% | v ¢
/-""-,L\ —— 203nm-fast(8K)
— j_;f,aﬁ,‘_‘-i —— 203nm-fast(28K) | |
/IR —— 203nm-fast(300K)
0ok :
jlf \ Si-Ethanol-B6-film-em
Iy
2 /I
< I b
3 | 1
5 %
O 5000 | ™4 i
I R 1
1/ L%
I AN
’ \1
-/ \.\'\.T%l
f'/ N
0 _r_ﬁé: 1 l.I-‘ L asanzas=zaas
300 400 500 600 700 800
Wavelength (nm)
900 ——7— T R S ) B A R R ]
5 —— 203nm-slow(8K) 1
800 | —— 203nm-slow(28K) |7
700 E —— 203nm-slow(300K) £
o Si-Ethanol-B6-film-em 1
600 [ 3
2 500 — -
= - ]
> L il
8400 f j ]
300 | ‘# 3
: £ M pan ] 4 i
200 F o g B VY ey by £
A PPt
100 -
O " 1 " " " 1 " 1 2 " " 2 1 " " " 2 1 " ]
300 400 500 600 700 800
Wavelength (nm)
T T | A S P |
I —— 203nm-int(8K)
20000 |- ;‘_,-»_\_\_ —— 203nm-int(28K) |
N ——— 203nm-int(300K)
i | . :
| /- Si-Ethanol-B6-film-em
15000 |- P .
= ’. .\'
2 In i
c IR
3 .’( | 1
O 10000 | . 3 ]
f I A %
N %
i/ LU
5000 |- }/_/ N % -
- / %
: . .f_/- .._::\‘)‘ W
o &= 1 T IO i Frasses :
300 400 500 600 700 800

Wavelength (nm)

Figure A.4-18. Temperature dependence study of emission spectra excited at 203 nm.
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Figure A.4-19. Temperature dependence study of emission spectra excited at 228 nm
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Figure A.4-20. Temperature dependence study of emission spectra excited at 290 nm
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4.5 Lifetime measurements

4.5.1 Dependence of fluorescence lifetime on emission and excitation

wavelength

In chapter 4, the results of fluorescence lifetime dependence on excitation
wavelength for Si-ethanol film sample B6 were shown; here, additional decay time
measurements for other samples are given. Figure A.4-21 shows fluorescence lifetime
measurements for Si-ethanol film sample B5, which were performed at room temperature
using filter WG225. Figure A.4-22 shows the results for Si-IPA film sample C4 at room
temperature and using filter WG280. Si-water liquid sample C2 was measured at room

temperature and using filter WG280, and is shown in Figure A.4-23.
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Figure A.4-21. Fluorescence lifetime dependence excitation wavelength for Si-ethanol
film sample B5.
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Figure A.4-22. Fluorescence lifetime dependence on emission and excitation wavelength
for Si-1PA film sample C4.
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Figure A.4-23. Fluorescence lifetime dependence on emission wavelength for Si-water
liquid sample C2.

4.5.2 Fluorescence lifetime measurement at low temperature

Fluorescence lifetime measurements were performed at low temperature and
compared with the lifetime measurements conducted at room temperature in chapter 4.
Here, lifetime results of Si-ethanol film sample B6 at 8 K is shown in Figure A.4-24, and
results for Si-ethanol film sample A6 at 10 K is shown in Figure A.4-25. Experiments

were performed at different excitation and emission wavelengths. For all measurements,

filter WG280 was used.
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Figure A.4-24. Decay time measurements of Si-ethanol film sample B6 at 8 K.
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Figure A.4-25. Decay time measurements of Si-ethanol film sample A6 at 10 K.
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4.5.3 Effect of temperature on fluorescence lifetime

The effect of temperature on fluorescence lifetime was discussed in chapter 4, and
spectra for Si-ethanol film sample B6 excited at 203 nm at two different temperatures (8
K and 300 K) were shown in chapter 4. Here, the results of measurements for the sample

at 290 nm and 228 nm excitation wavelengths are shown in Figure A.4-26.
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4.6 Effect of argon pressure, sputter head power and

Deposition time

In this section, the parameters which are important during sample production, such
as stagnation pressure, magnetron power, and deposition time, were investigated. In each
experiment, two of these parameters were kept constant and the third one was adjusted.
The results of this study are shown in Figure A.4-27 to Figure A.4-29. All the results in

this section are belong to liquid samples and excited at 270 nm.
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Figure A.4-27. Figure showing the effect of changing the stagnation pressure on
fluorescence spectrum.
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The experiments for different stagnation pressure were performed twice. The

results do not show any conclusive effect on fluorescence intensity.

The power of the sputter head was set twice as high as normal to see the effect of
power on fluorescence. Although the volume of atomic vapour produced doubles, it does
not show any conclusive change in associated fluorescence spectra; only the sample
produced at 100 W shows a shoulder to the longer wavelength side of the second

fluorescence peak.
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Figure A.4-28. Figure showing the effect of changing the magnetron power on
fluorescence spectrum.
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Figure A.4-29. Figure showing the effect of deposition time on the fluorescence spectrum.

As Figure A.4-29 shows, by increasing the deposition time, the intensity of the first
peak decreases, but it does not show any conclusive effect on the second fluorescence

peak’s intensity.
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Complementary spectra to chapter 5

5.1 XPS survey spectra

Before taking XPS spectra of specific peaks with high resolution, a survey spectrum
for each sample was recorded. The following figures show survey spectra for all samples
discussed in section 5.1.
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Figure A.5-1. XPS survey spectrum of nanoparticle film produced by deposition of silicon
onto an ethanol liquid jet. The colloidal nanoparticles were drop cast in air onto an
unspecified copper substrate.



Appendix 5 Complementary spectra... 244

80000 L L L L A DL DL B L DL L B B

—— Si-ethanol-Mo substrate |

70000
60000

50000

40000

Intensity (cps

30000

20000

10000

1L G A NI LI (NLANL L N B NI LN LA LB
1 PN APETAT AT S AT SRS ATST ST AT ATUCATAT S AU ATA BTSN AT AT AR AT

0

PO PSR U T U IR T ST U W SN0 AT TN U T U W NN SO O W U N WO U [ U WO U W W U WU U U U OO 1.

0O 100 200 300 400 500 600 700 800 900 1000 1100 1200
Binding energy (eV)

Figure A.5-2. XPS survay spectrum of Si-ethanol sample on Molybdenum substrate.
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Figure A.5-3. XPS survay spectrum of Si-ethanol sample on HOPG substrate.
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5.2 Silicon wafer XPS spectra

We recorded silicon wafer spectra to have reference for our sample. The silicon 2s
and 2p peaks show silicon bulk and silicon oxide peaks.
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Figure A.5-6. XPS spectra of silicon wafer are recorded as a reference.

5.3 ATR spectra of film samples

All silicon samples which were produced in IPA are plotted in Figure A.5-7 to give
a perspective on the similarity of samples produced in the same solvent. The pure IPA
spectrum also is recorded as a reference (shown by yellow line); as can be seen, the signal
to noise is very weak for pure IPA and it shows only the bands belonging to atmospheric
species (i.e, CO. and water vapour) or the residue of incompletely evaporated IPA. The
absorbance spectra of samples are similar, but most of them show a negative OH band at

3200 - 3500 cm* due to background subtraction. The same is true for the negative bands
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of the molecules that exist in the atmosphere. Some samples show negative Si-O peak in
the fingerprint region because this band is very close to the frequency of the C-O band
and, if silicon band intensities are very low, they become negative by subtracting the
background. (Conversely, of course, and if they are intense, they can overcome the

subtraction process).

The same experiments were performed for all Si-ethanol and Si-water samples. If
humidity is high, water bands around 1400 - 1600 cm™ are very noisy, preventing
identification of other bands in this region. An overview of all Si-ethanol film samples is
shown in Figure A.5-8. Some Si-water samples show high absorbance intensities with
respect to other Si-water samples. However, the bands are very broad in these samples.
In samples with lower absorbances, four sharp, distinct bands can be seen in the
fingerprint region, whilst these bands convert to two broad bands in samples with higher
absorbances. An overview of all Si-water film samples with lower intensities is shown in

Figure A.5-9, and with higher intensities in Figure A.5-10.

The background spectra for all measurements were recorded for the same solvent

as the sample solvent.
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Figure A.5-7. Si-IPA sample absorbance spectra.
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Figure A.5-8. Si-ethanol sample absorbance spectra.
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Figure A.5-9. Si-water sample absorbance spectra. These samples show four bands
around 950- 1300 cm™™.
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Figure A.5-10. Si-water sample absorbance spectra. The two broad bands in the
fingerprint region are a superposition of four narrow peaks in lower absorbance samples.

5.3.1 ATR spectra of film samples using HOPG substrate

In this method, HOPG was used as a substrate. It was cleaved, and 1 ul of solvent
was put on the clean HOPG surface. The HOPG/sample was located upside down on a
diamond ATR crystal (so as to be exposed to the source beam) and a background was
recorded. Then, a 1 ul drop of sample was put on HOPG in the same place as previous
drop (used as background) and the sample spectrum was measured. When a solid sample
is used for ATR measurement, one should use the anvil to hold and press the sample on
the crystal. The experiments were performed for Si-IPA sample A2 and Si-water sample
C9 are shown in Figure A.5-11 and Figure A.5-12. For sample C9, 10 ul of sample was
applied in two steps, using 5 ul in each step. For sample A2, measurement continued to
four steps, with a 1 pl drop of sample in the first step, and ten 1 ul drops of in each

subsequent step. HOPG affected the baseline, as it can be seen in these figures.
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Figure A.5-11. ATR spectra of Si-IPA sample A2 using HOPG substrate applied in four
steps.
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Figure A.5-12. ATR spectra of Si-water sample C9 using HOPG substrate applied in two
steps.
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The spectra recorded for Si-IPA sample A2 do not show any vibrational features
using this method. For the Si-water sample, the intensity of the peaks is much higher than
when the film was formed directly on the ATR crystal, although HOPG affected the
baseline, and the vibrational features observed were not sharp and distinct. By this method
the sample was confined to a small area so the intensity increased with respect to direct
measurements. The vibrational frequencies of the bands are the same as those observed

in other sample preparation methods.

The results of Si-water sample C9 on the ATR crystal with and without HOPG are
compared in Figure A.5-13.
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Figure A.5-13. A comparison between ATR measurements with and without HOPG are
illustrated. Although for the blue line (without HOPG) the amount of sample is ten times
more than for red line (with HOPG), the absorbance of the sample on HOPG is five times
higher.
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5.3.2 ATR spectra of film samples using one layer HOPG substrate

As the anvil was used on its highest pressure (as it should be in maximum pressure),
the top layer of the HOPG could become cracked, so the detector detected the layers
beneath the top layers and adversely affected the spectra. Therefore, we decide to clean
the HOPG by cleaving, and then cleaved another layer of HOPG using sellotape, which
left a fresh and clean layer on the sellotape on which to drop cast the sample. This face
was then placed, upside down, on the ATR crystal. Although for this experiment the anvil
was also used, as it was just one layer of HOPG, we did not have to contend with a
substrate with the fragility of the HOPG crystal itself.

The results of Si-water (sample C9), Si-ethanol (sample A5), and Si-IPA (sample
Al) are shown and compared in Figure A.5-14. For all samples, a 1 pl drop of sample
was used. Using a layer of HOPG has effectively negated the effect of the HOPG on the
baseline. The peaks are sharper, and much more similar to those seen from direct
measurement on the ATR crystal, but with considerably higher intensities. Also the noise
around the OH bands is almost gone with the help of this method. As can be seen, similar
to previous measurements, for the vibrational features of the various silicon species
observed the intensities in the Si-water sample are higher than in alcoholic samples. This

suggests a highly oxidized sample, which is in agreement with direct ATR measurements.

ATR spectra of Si-water sample C9 on an HOPG crystal and on a layer of HOPG
on sellotape are compared in Figure A.5-15. This shows that, although the amount of
sample which is used to measure absorbance using the HOPG substrate is five times
greater, the intensities seen in subsequent ATR spectroscopy is low and vibrational
features are not distinct. This shows that a layer of HOPG on sellotape had less effect on
recorded spectra, and also that the spectrum intensity is very high even for small amount
of sample (on this substrate).
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Figure A.5-14. Figure showing ATR spectra of silicon deposited on three different
solvents by using a layer of HOPG as substrate.
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5.3.3 FTIR spectra of film samples

Transmission spectra of Si-water samples are shown in Figure A.5-16, where
silicon oxide bands can be clearly seen. The spectra are very similar to ATR spectra, and
the peak positions are the same. The intensity is slightly higher in transmittance spectra
than ATR spectra.

Although the intensity of Si-water sample C9 spectra is less than other samples
here, it shows several peaks between 850 cm™ to 1200 cm™ and two distinct silicon
compounds bands which are not clear in other samples, because similar to ATR spectra
they have a broad peak formed from the superposition of several low intensity peaks. To
have a reference for Si-water samples, pure water film was investigated and is shown in
the same graph. As can be seen, pure water does not show any features, which suggests

that all peaks observed for Si-water samples arise due to silicon species.

The transmittance spectra of Si-IPA and Si-ethanol samples are shown in Figure
A.5-17. As can be seen, some silicon oxide peaks exist in these samples, but their

intensities are very low.
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Figure A.5-16. All water solvent sample transmittance spectra and a pure water spectrum
as a reference are shown in this figure.
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Figure A.5-17. Transmittance spectra of Si-IPA (top) and Si-ethanol (bottom). As it can
be seen, some silicon oxide peaks exist in these spectra but, similar to ATR
measurements, the intensities of vibrational frequencies due to silicon species deposited

in alcohol is very low.
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Atomic Force Microscopy (AFM)

6.1 AFM image and size distribution

AFM images and size distributions of Si-IPA, Si-ethanol and Si-water samples are
shown in Figure A.6-1, Figure A.6-2, and Figure A.6-3, respectively. Images and size
distributions show several layers of clusters in the samples, for example in the Si-water
sample, five layers of clusters can be seen in the AFM image in different colours; the
black area shows the HOPG, dark brown, brown, light brown, and yellow areas show
other top layers and the bright white spots is the topmost layer. These layers can be seen
in size distribution as well. AFM measurements for all samples show the clusters have ~1

nm height. AFM measurements for our samples were performed by Mimin Kog [285].

AFM measurements were performed for silicon particles which were deposited in
ethanol and transferred to IPA and water. The results are shown in Figure A.6-4 and
Figure A.6-5. The size distribution of the transferred clusters to IPA and water are the
same as the size distributions of clusters deposited in IPA and water.
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Figure A.6-1. AFM image and size distribution of Si-IPA sample. Distance between two
peaks show the height of layer.
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Figure A.6-4. AFM image and size distribution of silicon clusters transferred to IPA.
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