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Abstract

An Investigation of the Effect of Metal Nanoparticles on the

Optical Properties of Silicon Nanocrystals
By
Khamael Mohammed Abualnaja

This thesis describes the characterization of two types of nanocrystalline material
i.e. alkylated silicon nanocrystals (C1;-SiNCs) and commercial silicon nanocrystals
(SiNCs). The research presented throughout this work also shows that the optical
properties of silicon nanocrystals can be affected by erbium ions and metal
nanoparticles. The main goal of this characterization is to observe the energy transfer
from the excited state of SiNCs to the erbium for optical fiber technology applications.

Also, SiNCs have applications in biology as fluorescent labels.

Porous silicon was prepared successfully by galvanostatic etching of p-Si(100)
wafers followed by a thermal hydrosilation reaction of 1-undecene in refluxing toluene
in order to extract the C;1-SiNCs from porous silicon. The chemical characterization of
C11-SiNCs was carried out using X-ray photoemission spectroscopy (XPS); they are
known to be crystalline and of diameter about 5 nm from previous work. The
commercial SiNCs have been characterized using scanning electron microscopy (SEM),
transmission electron microscopy (TEM), high resolution transmission electron
microscopy (HRTEM), Atomic force microscopy (AFM), X-ray diffraction (XRD), XPS and
Fourier transform infrared spectroscopy (FTIR). It was found that the average diameter

of commercial SiNCs is 65 nm and are crystalline with an FCC lattice.

Erbium trichloride was added to both types of SiNCs using a simple mixing
chemical route. To the best of our knowledge, this is the first investigation on mixing
SiNCs with erbium ions (lll) by this chemical method. Both SiNCs either C;1-SiNCs or
commercial SiNCs and their mixtures with Er’* were investigated using Raman

spectroscopy and photoluminescence (PL). The samples showed an orange PL emission



peak at around 595 nm which originates from Si. Er/SiNCs mixtures also exhibit a weak
PL emission peak at 1536 nm which originates from the intra-4f transition in erbium
ions (Er’*). The PL peak of Si in Er/Cy;-SiNCs and Er/Commercial SiNCs mixtures are
increased in the intensity up to four and three times, respectively as compared to pure
C11-SiNCs and commercial SiNCs. The collected data suggest that this chemical mixing

route leads instead to a transfer of energy from erbium ions to SiNCs.

Metal-enhanced luminescence has been studied for mixtures of SiNCs (either
C11-SiNCs or commercial SiNCs) with silver nanoparticles (AgNPs). AgNPs of two
different sizes were synthesised using photochemical reduction of AgNO3; with sodium
dodecyl sulphate (SDS). The synthesized AgNPs (1:5) and (10:50) have a polycrystalline
structure with an average particle diameter of 100 nm and 30 nm, respectively. A
significant enhancement up to 10 and 4 times in the PL intensity was observed for
AgNPs (1:5)/C11-SiNCs and AgNPs (10:50)/C11-SiNCs, respectively using an excitation
source of 488 nm. A similar observation was also reported for AgNPs (1:5)/Commercial
SiNCs and AgNPs (10:50)/Commercial SiNCs; where the intensity of the PL signal
increased up to 9 and 3 times respectively, using 488 nm; whereas the intensity of the
PL signal increased up to 7 and 2 times respectively, using 514.5 nm excitation source.
The enhancement in SERS intensities occurs as a result of the coupling between the
excitation laser light and the plasmon bands of AgNPs; thus this intense field at AgNPs
surface couples strongly to SiNCs. The results show that the closer wavelength of the
laser excitation source to the surface plasmon resonance absorption bands of silver
nanoparticles the greater the emission intensity. Our study also suggests that the
larger AgNPs (1:5) caused an optimum enhancement in PL intensity of both types of

SiNCs.

Under continuous wave (CW) irradiation at 488 nm in a confocal microscope,
both types of SiNCs show reversible photoluminescence fading behaviour. This can be
interpreted by the same model originally proposed to describe luminescence
intermittency, i.e., ‘blinking’. When single particles are studied, this leads to the well-
known blinking phenomenon as particles ionize and later discharge by electron-hole
recombination. In an ensemble, the result is a reversible photofading as the initial
photoluminescence I, decays to a steady-state I, controlled by the relative rates of

photoionization k, and recombination k.. Evidence for this interpretation comes



from two observations: (i) upon cessation of the irradiation, electron-hole
recombination occurs in the dark and the photoluminescence is regained when
irradiation recommences and (ii) the initial and steady-state spectra are identical
except for a scale factor. The photofading data can be modelled as a simple first order
decay with a lognormal distribution of rate constants and therefore characterized by
three parameters; (k) the modal rate constant, y which measurs the spread of

activiation free energies in units of RT and [,/ .

C11-SiNCs and commercial SiNCs show enhanced luminescence when drop cast as
films on glass slides in mixtures with Ag or Au nanoparticles. Such metal-enhanced
luminescence is generally explained in terms of the large electric field near the metal
surface upon excitation of the plasmon resonance and an increase in the radiative
decay rate owing to the effect of the plasmon on the optical density of states. In this
work, we find evidence for a third effect: the metal nanoparticles can act as a source of
electrons and increase the time integrated luminescence intensity by increasing the
rate of electron-hole recombination. In the presence of Ag and Au nanoparticles with
alkyl-capped SiNCs, the modal rate constants (k) increase by factors of up to 4-fold
and the ratios I, /I, decrease by factors up to 5-fold; this is consistent with an increase
in the rate of electron-hole recombination facilitated by the metal nanoparticles acting
as a source of electrons. It is also should be noted that the presence of either Ag or Au
NPs with commercial SiNCs are less effective at enhancing the PL than alkyl-capped

SiNCs due to the larger average particle size of commercial SiNCs.
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(b) Er/Commercial SiNCs drop-coated from aqueous solution
on glass coverslip. The excitation wavelength = 488 nm line of
an argon ion laser was used to excite the luminescence and
the spectra was collected using a grating = 150 lines mm™
which provides collection of both Raman and luminescence
from alkylated silicon nanocrystals. These spectra are
collected as averages from the particles that shown on figure
5.14(b,d). The elastically scattered laser light is observed as a

higher intensity peak at 0 M ™ . ... eee e
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Figure 4.16

Figure 4.17

Figure 4.18

Average Raman and luminescence spectra of erbium
trichloride drop coated from deionized water onto glass
coverslip.  The excitation wavelength = 488 nm. The
elastically scattered laser light is observed as a higher
INtensity PEak at 0 CM ™ ...
Reflected light images of (a) AgNPs (1:5)/C11-SiNCs. (b) AgNPs
(10:50)/C411-SiNCs. (c) AgNPs (1:5)/Commercial SiNCs and (d)
AgNPs (10:50)/Commercial SiNCs. Confocal luminescence
spectrum image of (e) AgNPs (1:5)/Cy1-SiNCs. (f) AgNPs
(10:50)/C41-SiNCs. (g) AgNPs (1:5)/Commercial SiNCs and (h)
AgNPs (10:50)/Commercial SiNCs deposited from aqueous
solution on the glass coverslips. The laser wavelength was
488 nm and the scale displays the scattered intensity
integrated over the Stokes shift range from 200 cm™ to 7000
cm™, which corresponds to both signals of Raman and
luminescence. The scale bar of the reflected light images is 10

pum and the scan size of the luminescence images is 50 X 50

Average Raman and luminescence spectra of (a) AgNPs
(1:5)/C11-SiNCs (b) AgNPs (10:50)/C11-SiNCs. All samples were
drop-coated from aqueous solution on glass coverslips. The
excitation wavelength = 488 nm line of an argon ion laser was
used to excite the luminescence and the spectra was
collected using a grating = 150 lines mm™ which provides
collection of both Raman and luminescence from alkylated
silicon nanocrystals. The elastically scattered laser light is

observed as a higher intensity peak at 0 cm™ .....oveeeveveeerveeeereeen.
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Figure 4.19

Figure 4.20

Figure 4.21

Figure 4.22

Figure 4.23

Average Raman and luminescence spectra of (a) AgNPs
(1:5)/Commercial SiNCs (b) AgNPs (10:50)/Commercial SiNCs.
All samples were drop-coated from agqueous solution on glass
coverslips. The excitation wavelength = 488 nm line of an
argon ion laser was used to excite the luminescence and the
spectra was collected using a grating = 150 lines mm™ which
provides collection of both Raman and luminescence from
silicon nanocrystals. The elastically scattered laser light is
observed as a higher intensity peak at 0 cm™.........ooovoevvevevenene.
Average Raman and luminescence spectra of (a) C;1-SiNCs
(green line), AgNPs (1:5)/C11-SiNCs (black line) and AgNPs
(10:50)/C11-SiNCs (red line). (b) Commercial SiNCs (green
line), AgNPs (1:5)/Commercial SiNCs (black line) and AgNPs
(10:50)/Commercial SiNCs (red line). All samples were drop-
coated from aqueous solution on glass coverslips. The
excitation wavelength = 488 nm. The elastically scattered
laser light is observed as a higher intensity peak at 0 cm™t....
Average Raman and luminescence spectrum of AgNPs (1:5)
drop coated from aqueous solution onto glass coverslip. The
excitation wavelength = 488 nm. The elastically scattered
laser light is observed as a higher intensity peak at 0 cm™........
Raman spectrum of commercial SiNCs drop coated from
aqueous solution onto coverslip. The excitation wavelength =
S514.5 MMttt e e
SERS spectra of (a) AgNPs (1:5)/Commercial SiNCs. (b) AgNPs
(10:50)/Commercial SiNCs and (c) comparison between
commercial SiNCs (green line), AgNPs (1:5)/Commercial SiNCs
(black line) and AgNPs (10:50)/ Commercial SiNCs (red line).
All the samples were drop coated from aqueous solution

onto coverslips. The excitation wavelength = 514.5
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Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Reflected light images of (a) C;1-SiNCs, C;:-SiNCs containing
(b) (1:5) AgNPs, (c) (10:50) AgNPs, (d) 0.41 mM AuNPs, (e) 1
mM FeCyoHy0 and (f) 1 mM FeCl; drop-cast on glass coverslip.
The scale bar = 10 M. st s
(@) Time-dependent photoluminescence of C;;-SiNCs
presenting the decay of intensity | from initial intensity I, to a
steady-state value I,. The excitation wavelength = 488 nm.
(b) Fit of the intensity | over time which recorded at A = 488
nm to equation (5.7). The black curve is the raw data while
the red curve is the fitted data. (c) Plot of the intensity
residual I(t) — Ir;(t) as a function of time with slope - 0.108
£ 10.399 CPSoeeoeeeeeeee e see e e ees s et see e s et e eeesee e
Time-dependent photoluminescence of Cy;-SiNCs containing
(a) (1:5) AgNPs, (b) (10:50) AgNPs, (c) 0.41 mM AuNPs, (d) 1
mM FeCyoHyo and (e) 1 mM FeCls showing the decay of
intensity | from initial intensity I, to a steady-state value /.
The excitation wavelength = 488 nm. The black curve is the
raw data while the red curve presents the fit of the intensity |
over time recorded at A = 488 nm to equation (5.7)....c.ccceuenune.
Plot of the intensity residual I1(t) — Ir;(t) as a function of
time of C1;-SiNCs containing (a) (1:5) AgNPs with slope 0.117
+ 0.489 cps’, (b) (10:50) AgNPs with slope 0.352 + 0.317 cps?,
(c) 0.41 mM AuNPs with slope - 1.051 + 1.459 cps?, (d) 1 mM
FeCyioH1o with slope - 4.533 + 1.134 cps2 and (e) 1 mM FeCl;
With SIOPE 0.370 £ 0.770 CPS%eerveeeeeeeeeeeeeeeseceseeeeeeseeesecesereeeeseeesenen
PL spectra of C;3-SiNCs recorded at 0 s (black curve), 100 s
(green curve) and 300 s (red curve). The laser light A = 488
nm. The spectra recorded at t = 100 and 300 s have been
shifted higher by 300 and 335 counts and multiplied by 2.2

and 2.4 respectively to simplify comparison........ccccccoveceeennnen.
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Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

PL spectra of C11-SiNCs containing (a) (1:5) AgNPs, (b) (10:50)
AgNPs, (c) 0.41 mM AuNPs, (d) 1 mM FeCyjoH1g and (e) 1 mM
FeCls. The spectra recorded at 0 s (black curve), 100 s (green
curve) and 300 s (red curve). The laser light A =488 nm............
Intensity against time for photofading of C;1-SiNCs under
irradiation with the 488 nm line of an argon ion laser. The
intensity plotted is the integral of the spectrum at each time
point over the wavenumber range 200-7000 cm™. At
t = 300s the irradiation was interrupted for 60s by closing
the shutter (the intensity in this period is simply the integral
of the dark counts on the CCD which has not been
subtracted). When the shutter was reopened at 360s some of
the initial intensity was regained........cccovvvviececcncnce e
Reflected light images of (a) Commercial SiNCs, commercial
SiNCs containing (b) (1:5) AgNPs, (c) (10:50) AgNPs, (d) 0.41
mM AuNPs, (e) 1 mM FeCygH1o and (f) 1 mM FeCls drop-cast
on glass coverslip. The scale bar =10 UM.....ooovccvevevviciecceeeee,
(a) Time-dependent photoluminescence of commercial SiNCs
presenting the decay of intensity | from initial intensity I, to a
steady-state value I. The excitation wavelength = 488 nm.
The black curve is the raw data while the red curve presents
the fit of the intensity | over time recorded at A = 488 nm to
equation (5.7). (b) Plot of the intensity residual I(t) — If;(t)
as a function of time with slope - 0.341 + 0.148 CPS°.......crvveuc.n.
Time-dependent photoluminescence of commercial SiNCs
containing (a) (1:5) AgNPs, (b) (10:50) AgNPs, (c) 0.41 mM
AuNPs, (d) 1 mM FeCyoH1p and (e) 1 mM FeCl; presenting the
decay of intensity | from initial intensity I, to a steady-state
value I,. The excitation wavelength = 488 nm. The black
curve is the raw data while the red curve presents the fit of

the intensity | over time recorded at A = 488 nm to equation
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Figure 5.11

Figure 5.12

Figure 5.13

Plot of the intensity residual I1(t) — Ir;;(t) as a function of
time of commercial SiNCs contain (a) (1:5) AgNPs with slope -
7.704 + 4.769 cpsz, (b) (10:50) AgNPs with slope 0.866 *
1.212 cps?, (c) 0.41 mM AuNPs with slope 0.009 + 0.048 cps?,
(d) 1 mM FeCyoH1p with - 0.223 + 0.170 cps2 and (e) 1 mM
FeCls with slope 0.056  0.113 CPS%....umveerereeeeeeeese e ereesseeereenenes
PL spectra of (a) Commercial SiNCs, commercial SiNCs
containing (b) (1:5) AgNPs, (c) (10:50) AgNPs, (d) 0.41 mM
AuNPs, (e) 1 mM FeCyoHyp and (f) 1 mM FeCls. The spectra
recorded at 0 s (black curve), 100 s (green curve) and 300 s
(red curve). The laser light A = 488 NM.....ccoceveevereieicieierieiinne
Intensity against time for the photofading of commercial
SiNCs under irradiation with the 488 nm line of an argon ion
laser. The intensity plotted is the integral of the spectrum at
each time point over the wavenumber range 200-7000 cm™.
At t = 300s the irradiation was interrupted for 60s by closing
the shutter (the intensity in this period is simply the integral
of the dark counts on the CCD which has not been
subtracted). When the shutter was reopened at 360s some of

the initial intensity was regained........coovvvvevecieeiecene e e,
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Chapter 1

Introduction

In this introductory chapter, a brief review of semiconductor nanocrystals
guantum dots is presented. Furthermore, the synthesis and the optical properties of
silicon nanocrystals (SiNCs) are described. Metal enhanced luminescence of SiNCs is
also highlighted. Additionally, enhancing the optical properties of SiNCs by erbium ions
is investigated. Next, the motivations and the objectives of this thesis are provided.

Finally, a brief summary of each chapter in the thesis is given.
1.1 Semiconductor nanocrystals quantum dots

Nanostructured materials have unique optical and electrical properties which are
considerably different from the bulk materials. There are two main factors that
influence the properties of nanoscale and bulk materials.! The first main reason is that
the surface area of nanoscale materials is larger than the same mass of the materials in
bulk form. Consequently, the chemical reactivity and electrical properties of
nanomaterials will growth compared to that of bulk materials because the catalytic
chemical reactions and functionalization processes mainly occur on the surface. The
second principle factor is the quantum confinement effect. This effect plays an
important role in the behaviour of nanoscale materials which have typically
dimensions in the range between 1 and 10 nanometres. As a result of the quantum
confinement effect, the optical properties and electronic structures of nanomaterials

differ significantly from that of bulk counterparts.

Recently, there has been an increased interest on semiconductor nanocrystals
which are known also as quantum dots (QDs) from the researchers due to their useful
and interesting photophysical and electrical properties.”® Thus, these particles are
considered to be promising candidates in various application such as electronic,
photonic devices and biological applications.”® These quantum dots have also
exhibited unique characteristics which related to their size that present enormous a
big difference with their corresponding materials in the bulk form. However, the
quantum dots (QDs) are defined as zero dimensional confined semiconductor

nanocrystals and their sizes are typically 10 nm or less.” Additionally, their properties
1



are hybrid between the bulk solid and the molecules.® CdSe, PbS, GaAs and Si are
different examples of the QDs from the periodic table.’ Lawson et a/*® in 1960 was the
first group to prepare lead telluride (PbTe) quantum dots; even though they didn’t
suggest this word but the size of these nanoparticles were around 0.03 um. The term
quantum dot was used in 1974 by the group of Efros'’. In 1981 and 1983, the
properties of QDs were reported by Ekimov et al** and Kuczynski et al*®. The first
synthesis of monodisperse crystalline CdSe QDs was achieved by Murray et al.** The

I** in 1998 was the initial publication

work which given by Bruchez et al”® and Chan et a
work which disperse the QDs in the water; which making them promising species to

use in biological applications.

Depending on the band gap energy (E;) between the valence and conduction
bands, the materials are classified into three groups i.e. insulators, semiconductors and
metals.'” At room temperature, the highest electronic energy level which is occupied
with electrons and the lowest unoccupied electronic energy level are known as the
valence band and the conduction band edges, respectively. These two bands are
separated by the energetically forbidden zone known as the band gap. Thus, the
difference between the top of the valence band and the bottom of the conduction
band in the energy is referred to as the band gap. In order to generate an exciton
(electron-hole pair), an electron must be promote from the valence band to
conduction band, which clearly depends on the band gap energy.” Consequently, the

generated positive hole in the valence band behaves as a charge carrier.

As mentioned previously, the interesting optical properties of semiconductor
nanocrystals are found to be dependent on their quantum confinement effect. Thus,
the quantum confinement affects the electrons in the quantum dots by restricting the

movement of holes and electrons in all three dimensions.**°

Figure 1.1 presents the
electronic structure of the quantum dots which is intermediate between the bulk solid
semiconductor and molecules.? It is known that the molecules have discrete energy
levels; while these bands are continuous in the solids. The electronic and optical
properties in quantum dots are variable between the solid and molecule; thus the
characteristics of QDs are greatly dependent on their size. The quantum confinement

effect emerges when the radius of QDs is less than the critical quantum measurement

called Bohr exciton radius as presented in figure 1.2.8 The Bohr exciton radius varies
2



from 1 nm to 10 nm depending on the material®; for example, in the case of Si and
CdSe, the quantum confinement effect appears when the radii of those particles are
around 5 nm.*! The Bohr exciton can be pictured as the lowest excited state in the
solid which has an electron in the conduction band orbiting a hole in the valence band

as in H atom where the electron orbits a proton.?

Electron " represents a *hole” T represents an electron
energy
Conduction band
A
1 P W
X Q.'. '.'v‘.
_‘_‘L‘...._. Nt "-.‘-"
oy 1
|y
Molecule Quantum dot Bulk solid

Figure 1.1: Schematic diagram presenting the energy levels of molecular dyes (left),

quantum dots (centre) and bulk solid semiconductor (right).8
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Figure 1.2: Diagram illustrating the difference of the energy which absorbed in

Y

semiconductor regarding to the radius of the nanoparticles.®

In quantum mechanics, the particle in a box model was used to describe the
confined movements of the electrons in QDs in a small space.?” Thus, the exciton (the

electron-hole pair) in QDs which is generated as a result of the excited an electron
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from the ground state valence band to the vacant conduction band by energy
absorption can be pictured as a spherical box.™® With decreasing the size of QDs, the
guantum confinement effect increases the separation of energy levels which strongly
impact the optical properties as the band gap increased which require more energy to
generate an exciton.? Subsequently, the emission of photons (radiative recombination)
shift to shorter wavelength and high energies. This unique property of the QDs is to
produce the possibility to tune the emission wavelength to match the wavelengths in
different regions such as IR, UV and visible spectrum by modifying their sizes.” The
spectroscopic studies of crystalline CdS nanocrystals synthesised in silicate glasses
were a first experimental evidence of quantum confinement effect.® This work by
Ekimov et a/?® presented a blue shift up to 0.1 eV in the absorption spectrum of these
clusters relative to their bulk. Corcoran® observed also that the absorption spectrum
of CdS clusters shifts (blue shift) by 1 eV or more as the particles size are decreased.
Furthermore, the characterization of luminescing semiconductors nanocrystals QDs
such as CdSZS, CdSeZG, ZnSe?® and Si?” has obtained a great attention in last decade due
to facile synthesis procedures, and size tunable excitation which making them useful in

biological application and light emitting devices (LEDs).*®
1.2 Silicon nanocrystals (SiNCs) synthesis

Silicon is one of the major materials whose various applications affect the world.
This element is also dominant in the microelectronics industry and greatly influences
our lives.? Silicon nanocrystals (SiNCs) can be synthesised using variety of methods
which can be classified into two categories i.e. physical and chemical methods.® The
former employ vacuum deposition techniques and/or high temperatures.’® 3! The
physical methods allow greater control over the nanoparticles size; although at the
expense overall yield tend to produce small amounts of the nanoparticles which can be
suitable for physical and electronic application. The latter typically produce great yields
of the nanoparticles. The chemical composition of these particles most likely to be less
well defined and the particle sizes are less controlled.® The resulted particles from the

chemical routes are useful in the biological applications.8

Common SiNCs preparation methods are: laser ablation®?, reactive sputtering®,

sol-gel techniques34, thermal vaporizationss, decomposition of silanes®® and solution



synthesis®’. Silicon nanocrystals that were investigated in this thesis were produced by
electrochemical etching27 of bulk silicon; thus the electrochemical etching method was

reported below in more detail.

Porous silicon is considered to be a common starting point in the electrochemical
etching and some chemical routes to produce SiNCs. In 1956, porous silicon was
discovered by Uhlir®® group at Bell labs in USA, where their research focused on the
developing a technique for electro polishing and shaping the surfaces of Si and Ge in
HF based solutions. They produced porous silicon by anodic etching of silicon wafer in
fluoride media. Under certain conditions, Uhlir observed that the surfaces exhibit dark
red-brown stains; at that time, this finding was not taken further. Typically, porous
silicon luminesces due to quantum confinement effect and it is frequently defined as a
nanocrystalline film. Individual Si nanoparticles can be extracted from the porous
silicon by an ultrasound method. Thus, this route is the simplest way to produce Si
nanoparticles which demand just a power supply (3 A, 30 V) to etch the silicon wafer

and an electronic horn.*®

Canham® observed that these porous silicon emits visible photoluminescence
(PL) at room temperature. This red photoluminescence which is generated as a
consequence of etching silicon wafers was considered to result from the small width
of the pores which are ~ 20 — 500 A.*° As the dimension of the pore walls is reduced to
a few nanometres, the quantum confinement effect arises which increases the gap
between the top of the valence band and the lowest conduction band. The produced
emission has energy i.e. 2 to 3 eV which is higher than the band gap of bulk Si (1.12
eV). Typically, highly porous silicon exhibits a massive surface area which can be
modified by chemical reactions as there is a wide range of literature on its surface

chemistry.g' 4

In general, the main limitation of porous silicon is its chemical instability
and sensitivity to oxidation which reflects the presence of reactive Si-H bonds on the
surface of porous silicon.*> This drawback of porous silicon limits its use in

applications. Thus, the surface modification of porous silicon is required.

Wolkin et al*®

synthesised porous Si quantum dots. In their research, the Si wafer
was electrochemically etched at current densities of 5 — 80 mA cm™ and the photo-

assisted stain etching was performed by utilizing 10% - 25% HF: ethanol solution.



Ethanol (C,HsOH) is often added to HF in order to reduce the H, bubbles which form on
the surface of the silicon wafer through the anodization and also to increase the
wettability of the Si surface, which helps the pore penetration process, thus the
homogeneity and the uniformity of porous layer can be improved.44 Therefore, ethanol
increases the porous layer uniformity. Furthermore, a halogen lamp (500 W) was used
as illumination source to complete the stain etching and to raise the porosity. This
group observed that as the size of Si quantum dots that existing in porous silicon
changed, their PL tuned from near infrared (NIR) to the ultraviolet (UV) region.
Additionally, a red shift (around 1 eV) in the photoluminescence measurements was
observed when the Si quantum dots were exposed to O,. Their wok shows that the
electronic states of these quantum dots are influenced by both surface passivation and
the quantum confinement effect. This experimental results were in a good agreement
with the theoretical results which found that a new electronic state is formed when a
Si=0 is present on smaller Si quantum dots (d < 3 nm). Additionally, they suggested
that the particles with smaller size emitted PL at higher wavelengths than expected
due to presence of oxides which limits the observed photoluminescence energy to ~

2.1eV.

Sweryda-Krawiec et al* prepared SiNCs colloidal solutions by sonication the
porous Si wafers for 60 to 90 minutes in closed vials which contain degassed toluene (5
mL). This suspension of toluene turned into pale yellow during the sonication as
porous Si broken up to individual SiNCs. Using alcohols, they modified the surfaces of
SiNCs. The addition of 1-octanol, 1,12-dodecanediol, 1-hexadecanol and 1-undecanol
at room temperature quenched the PL of SiNCs completely. Heating the SiNCs with
those four additives resulted in formation of alcohol capped SiNCs with diameter range
from 1 to 10 nm and with partially restored PL. AFM and TEM images showed that the

formation of diol connected to 100 — 800 nm diameter of SiNCs agglomerates.*

Belomoin et al*® prepared a group of individual sizes of hydrogen capped silicon
(SinHy) by electrochemical etching; where n > 20. These sizes are 1 nm for (Siyg) and
1.67, 2.15, 2.9 and 3.7 nm for (Siy,3). Optical excitation and emission spectroscopy and
direct electron imaging were used to characterize the particles. The emission bands
and the band gaps of those particles were measured. From the smallest four

luminescent particles, four ultra-bright colours were observed i.e. blue, green, yellow
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and red. Belomoin et al*® produced the blue particles by crumpling the silicon wafer in
ultrasonic bath into colloidal suspension of ultra-small blue particles. The authors
found that the formation of individual sizes and distinct emission in visible range make

them useful for biomedical targeting.

Lie et al*’ obtained alkyl capped SiNCs by refluxing porous silicon which
produced at high current densities in a dry toluene solution of alkenes. During the
refluxing, the porous Si layer breaks up and the hydrosilation reaction of the alkene
occur on the particle surface in order to produce a hydrocarbon monolayer. This
monolayer served as a protection layer on the surface of SiNCs. Additionally, the alkyl
chain is bound to the silicon by covalent bonds. They found that the alkyl monolayer
on the surface of SiNCs rendered the aqueous hydrophobic but is nevertheless colloid
lyophilic stable versus the flocculation over two weeks. Thus, this alkyl monolayer is a
good candidate for surface modification of SiNCs as this monolayer is chemically
robust and stable against the oxidation and hydrolysis except under intense X- ray
irradiation.”” 1-octene, 1-undecne, 1,9-decadiene and dimethoxytrityl-protected
undecenol were used to produce luminescent SiNCs.? The dry yellow Si powder can be
re-suspended in organic solvents such as dichloromethane and trichloromethane
which are also stable against flocculation.?” These particles emit bright red orange
luminescence colour under UV lamp (A = 365 nm) as presented in figure 1.3a.%
Alkylated SiNCs display red-orange emission peak at around 670 nm; under UV
excitation, which remains constant using different light wavelengths range from 280 to
370 nm (figure 1.3b).”” These particles are small in the size as their Si core about 2.5
nm in diameter and the total particle diameter with undecyl monolayer is
approximately 5 nm.*® Figure 1.4 presents the ideal model of the alkylated SiNCs.*® The
alkylated SiNCs studied in this work were prepared at Newcastle University by this
method reported in more details in chapter 2. It is worth to note that this process
provides a cheap and simple route of a stable suspension of colloidal SINCs comparing
to many SiNCs production methods which comprise expensive techniques with

relatively small volumes.
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Figure 1.3: (a) Silicon nanocrystals capped with 1- undecene studied in this work
dispersed in toluene, fluorescing orange colour under UV lamp (A = 365 nm). The
purple colour appears as a consequence of reflected light from the surface of the flask
on the camera that used. (b) Emission spectra of silicon nanocrystals dispersed in
trichloromethane (uncorrected). The corresponding excitation wavelengths are

marked in nm.?’

< ﬁz’ : ~2.5 nm

Figure 1.4: Schematic model of silicon nanocrystals capped with 1-undecene. The core
diameter is around 2.5 nm and the total particle diameter with undecyl monolayer is

approximately 5 nm.*®

Sham et al*® prepared white-light-emitting silicon nanoparticles (SiNPs)
passivated with butyl groups by utilizing focused ultrasound. The authors observed
that controlling the size of these particles leads to emission of white light from SiNPs. It

was estimated that the average particle size of white-light-emitting SiNPs is about 2.7
8



nm with a wide size distribution from 1 to 5 nm. The sizes of these particles were small
enough to display the quantum confinement effect of the silicon. The PL spectra of

these particles covered a broad range from 320 nm to 700 nm.

Valenta et al®® produced colloidal suspensions of SiNCs from light emitting
porous silicon grains. They prepared the SiNCs by mechanical pulverization of
electrochemically etched layers. The green PL peak which appeared at around 530 nm
can be explained as a consequence of radiative recombination of electron-hole pairs
inside SiINCs which have diameter of 2 nm. The authors used the single-molecule
spectroscopy to study the photoluminescence of single grains of silicon nanoparticles.
For this spectroscopic measurement, SiNCs were prepared by a drop-cast technique
from highly diluted solutions. Furthermore, these concentrated colloidal suspensions
of SiNCs enable the authors to fabricate the bulk Si with embedded Si nanoparticles

and to synthesize self-organized nanostructures on the surfaces.

Kanoun et al!

reported a low cost procedure to produce a monolayer of
organized SiNCs located on a Si wafer. Using plasma etching and electron beam
lithography led to form ordered arrays of nanoholes in a silicon nitride. A single SiNCs
per each nanohole was performed using a short electrochemical etching current pulse.
The average particle size of SiNCs is ~ 10 nm. It also should be noted that the main
advantage of this approach is controlling the location of SiNCs, the distance between

them and their orientation. Thus, this process can be utilized in fabricating the electron

devices.

Wang et al”® are the first group to prepare Si nanoparticles using a green
approach. They synthesized water-dispersible SiNPs using one-step reaction. This
simple and quick reaction involves using mild reagents (3- aminopropyl) and ascorbate
sodium without any treatments or any special equipment and at room temperature.
The average diameter of those SiNPs is 2 nm and emits PL at 530 nm. They obtained
that the lifetime of prepared SiNPs is longer than that of fluorophores which located in
living cells. Thus, they suggested that these SiNPs is promising candidate in the living

cells imaging.



1.3 Optical properties of silicon nanocrystals (SiNCs)

The alkylated silicon nanocrystals that were studied in this work and prepared by
electrochemical etching of porous silicon?’” show orange-red luminescence when
excited by a range of wavelengths. Taking into account the quantum confinement
effect in these nanocrystals, their optical properties can be explained on the base of

the band structure of bulk silicon.*

A diagram of electron energy (E) versus the electron wavenumber (k) for bulk
silicon is presented in figure 1.5a. The bulk Si is presented by two bands i.e. valence
band and conduction band. The former one is filled with electrons (occupied level)
whereas the latter band is completely empty (unoccupied level). The gap between
these two bands is called the band gap. In general, this gap can be either direct band
gap or indirect band gap, depending heavily on the detailed of the band structure. In
the direct band gap, the conduction band minimum directly lies up the valence band
maximum (figure 1.5b); while in the indirect band gap there is a shift relative to the
top of the valence band (figure 1.5a). Absorption of light by solid excites the electron
from occupied level to unoccupied level. This absorption of light considered to produce
only a vertical transition from valence band to conduction band due to the tiny

momentum of these photons compared to crystal momentum of the electrons (hk).

The band gap in bulk silicon at 1.1 eV is considered to be indirect and is not
vertical transition due to the absorption of phonon (lattice vibration), where extra
momentum is needed to change the crystal momentum of the electron (yellow
horizontal arrow in figure 1.5a); where the transition in the direct band gap materials
e.g. CdSe is vertical which reflects only the absorption of photons in these materials
(figure 1.5b).>® Therefore, the main consequence of the indirect gap in bulk Si is weak
absorption emission. Silicon has also a direct band gap in which the electron can be
promoted across this gap directly from the valence band to the conduction band but at

higher energy (3.4 eV).
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Figure 1.5: Electron energy (E) vs. the electron wavenumber (k) for a bulk Si (a) and
bulk CdSe (b) showing the differences between the indirect band gap structure in

silicon and direct band gap structure in cadmium selenide.

This electronic structure of the band gap is changed as the particles size of
silicon is decreased.? Depending on the selection rule, the transition in low
dimensional system of Si tends to be quasi direct.”’ However, in Si nanoparticles the
size of the indirect band gap is increased due to quantum confinement effect. This
leads to increase the indirect band gap size until approach the visible region at about
2.1 eV as observed for our prepared alkylated SiNCs in the Nanoscience lab at
Newcastle University.?’ In contrast, the size of the direct band gap does not change

considerably with the reduction of the particle size of Si because the maximum of the

11



conduction band located above the maximum of the valence band at k = 0.”° It also
should be noted that in the direct band gap materials such as GaAs and CdSe, the
minimum of the conduction band located above the maximum of the valence band.
Figure 1.6 presents the absorption spectrum of SiNCs which exhibits a weak and strong
absorption for indirect and direct band gap, respectively. As mentioned above that the
indirect band gap size of SiNCs is around 2.1 eV, thus the emission spectrum of Si

nanoparticles appear at the wavelength correspond to this energy (600 nm).

>
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>
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Figure 1.6: The absorption spectrum of silicon nanoparticles presenting the direct band

gap and indirect band gap.

The origin of the photoluminescence which emit from silicon nanocrystals is still

8 54 55 This is due to the

less understood compared to the direct band gap materials.
fact that the preparation methods of direct band gap materials (e.g. CdSe) (i.e.
precipitation reaction between the metal ions and hydrogen sulfide or hydrogen
selenide) are highly developed compared to the chemical methods that are used to
prepare SiNCs.2 However, several models have been proposed to explain the origin of

the photoluminescence in Si nanoparticles. For example, quantum confinement model

in an indirect band gap of Si, interface state between the SiNCs and the surrounding

56-60 /60

environment and luminescent defect states. Godefroo et al”” indicates that the
origin of the PL was due to defect related states. After removing the defects by
modifying the surface with H, atoms, it was found that the quantum confinement

effect was the dominant source for the PL.%°
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Beside the extensive research to find out the transition which is responsible for
the photoluminescence, both theoretical and experimental investigations have
claimed that the quantum confinement and the chemistry at the interface greatly

®1. %2 This means the PL process

influence the optical properties of Si nanocrystals.
dominated by two mechanisms of the radiative recombination in SiNCs. Therefore, the
electron-hole pair radiative recombination can occur inside the SiNCs due to quantum
confinement effect or outside the nanocrystals due to interface state. Furthermore,
their particular efficiency as a function of the size of SiNCs is not yet clear and their

relative contribution in the PL process is not known.>> ®°®

The observation of the PL is mostly explained on the base of two major factors
i.e. the quantum confinement effect and the interface state.’” It is known that the
indirect band gap (1.1 eV) in bulk Si is size dependent while it is not expected in direct
band gap (3.4 eV) to be size dependent®® Thus, the size dependent
photoluminescence studies have been important. Ledoux et al® provided convincing
evidence that PL of SiNCs originates from quantum confinement model which is size
dependent. In their study, the Si nanoparticles were synthesised by pyrolysis SiH, using
a pulsed CO, laser in a gas flow reactor. Silicon nanoparticles were separated depend
on their size ranging from 3 — 8 nm by applying fast spinning molecular beam chopper.
The authors found that the PL blue shifted with reducing the particle size as their
experimental results match well with the theoretical calculations. In addition, the
spectroscopic studies which measured by Brus et al’® and Sychugov et al’ proved
that the luminescence of SiNCs subject to quantum confinement model. Calcott et al’*
and Canham et al*® found also that the radiative transition in highly porous silicon

resulted from quantum confinement effect.

As the size of SiNCs plays a major factor in the transition process in PL process,
also the surface chemistry of SiNCs is crucial. Si nanoparticles are quit common to be
susceptible to oxidation from H,0 and the air.”? Therefore, the role of the O, becomes
important to assign the PL in SiNCs as the ratio of the surface to bulk increases which
influence the nature of the luminescence.® There are two factors can considerably
change the electronic behaviour of highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO). The first factor is presence of traces of

oxides which affect the nature of the PL. The second effect is modulating the complete
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surface with oxygen atoms. Traces of oxide has been studied by Wolkin et al**, where
silicon particles emitted red colour after exposure to O, due to presence of Si=O bonds
which offer a new electronic state. They observed that this oxygen related electronic
state minimized the maximum photoluminescence energy to around 2.1 eV, even
though the diameter of Si less than 3 nm. In their study, the nature of the emission is
not influenced by quantum confinement effect. The latter effect has been investigated
theoretically by using density functional calculations for SiNCs range in diameter
between 1.1 nm and 1.4 nm.** Zhou et al” investigated the properties of HOMO and
LUMO of SiNCs as function of surface passivation. In particular, they compared OH
terminated SiNCs with those having hydrogen atoms on the surface. Red emission was
calculated for OH termination particles which reflected the dramatic decrease in the

band gap; while blue colour was observed for H terminated Si nanoparticles.

However, the dominant source of the PL in SiNCs remains not clear as the
experimental studies present some examples of blue PL which generated from

oxidized SiNCs.”* ”> In addition, some researchers*” 7% 7> 7®

expected that the oxidation
of SiNCs shifted the luminescence from red to blue. This therefore can be explained as
a result of decreasing the particle size with increasing the oxidation rate on the surface
of SiNCs. The calculations of Zhou et al” also can be used in this situation to assign the

blue PL peak to silicon oxides. Sham et al®® and our group”’ 2

used X- ray and vacuum
ultraviolet-excited PL in order to investigate the optical luminescence of silicon
nanowires and alkylated SiNCs as these tools provide important information about the
electronic states of Si nanoparticles. Our alkylated silicon nanocrystals that were
prepared by electrochemical etching were subsequently oxidized. Thus, these SiNCs
show two PL emission bands i.e. orange emission and blue emission.’” It was estimated
that the orange band associated to radiative recombination of the exciton inside the
SiNCs due to quantum confinement effect; whereas the blue band attributed to silicon
oxides on the surface of Si nanoparticles.”? Figure 1.7 exhibits two intense PL bands of
alkylated SiNCs illustrating the orange luminescence band at 600 nm and the blue
luminescence band at 430 nm at 9 K.”2 It can be concluded that it is necessary to carry
out comprehensive photophysical spectroscopic investigation on each new

preparation method of SiNCs; as the surface chemistry of Si nanoparticles and the

colour of their luminescence are not enough to reveal the nature of the PL.
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Figure 1.7: Photoluminescence spectrum of alkylated SiNCs at 9 K. The excitation

energy = 21.2 ev.”?

Semiconductor nanocrystals quantum dots (e.g. SiNCs) display also a
luminescence intermittency by which the light emitted by a single nanocrystals

because of continuous wave (CW) irradiation.> ”’

The semiconductor nanocrystal
switches between states of on and off in a random form as shown in Figure 1.8. It is
worth mentioning that this universal property of semiconductor nanocrystals which
has been termed as blinking became as highly important subject less than two decades
ago, as this phenomenon gained the attention of Nirmal et al’® and Efros et al”’. The
blinking happens because of photoionization of the excited particles to create a
charged nanocrystals core that does not emit light. This occurs due to efficient energy
transfer from photoexcited electron-hole pairs to the mobile charge carriers (most
likely electrons).? The major restriction for the usage of semiconductor nanocrystals in
different applications including biolabeling and optoelectronic devices is the long off

79-81 . . . .
981 thus, semiconductor nanocrystals with non-blinking or reduced

period (dark state)
blinking characteristics would be beneficial to use the luminescence properties

efficiently.82 This blinking will be explained in further detail below.>”’

When the nanocrystal is ionized along with luminescence is quenched by Auger
non-radiative recombination, the model shows off periods (dark state). Whereas the
bright state is concerned, this depends upon ionization rate of the nanocrystals

through Auger autoionization.
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Figure 1.8: A graph presents the blinking effect of semiconductor nanocrystals in which
the luminescence switches between on and off in a random manner under CW
irradiation.

A single electron-hole pair has been produced as a consequence of promotion of
an electron from the valence band to the conduction band by a nanocrystal which
absorbs photon. Then, the electron returns to the valence band because of the
recombination of the electron and hole. Where the nanocrystal is undergoing
continuous wave excitation, it is likely to generate a second electron-hole pair before
the first electron-hole pair recombines. This is to keep in mind that the excitation of a
second electron-hole pair is not limited in silicon due to (high density of excited states
that is continuous spectrum far from the band edge and the possibility of phonon

7 The two pair

assisted excitation of states which are out of resonance).”
phenomenon is very efficient in ionizing the nanocrystals as the energy released from
recombination of the first electron-hole pair which transfers non-radiatively to second

272 This then ejects the electron from the nanocrystal. 272t s

electron-hole pair.
important to recognise that the nanocrystal then has a positive charge. While in the
charged nanocrystals, all Auger processes quench luminescence by interaction with the

hole. Finally, the ejected electron returns to the nanocrystals and the PL recovers.

The intermittent light emission from silicon nanocrystals is similar to that in the
direct band gap materials even though silicon had an indirect band gap and this is
confirmed by Credo et al®® and Cichos et al**. Cichos et al®* observed that the emission

intermittency in SiNCs (on and off times) was influenced by power law statistics. Their
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research found that the dark state (off period) explained the photoionization in terms
of Auger process and was intensity-dependent. In addition, they noticed that both
blinking and emission recovery related to each other directly. Recently, Rostron et al’
have investigated the emission intermittency of alkyl capped SiNCs which prepared by
our method?’ at Newcastle University. They have subjected a film of SiNCs to CW
excitation using two different excitation sources i.e. 488 nm and 633 nm for five
minutes. They have described the intermittency of the luminescence
(charging/discharging the silicon nanoparticles) of alkylated SiNCs as a reversible
process. They have also suggested that off and on times can be due to an electron
transfer process rather than any chemical reaction. They have interpreted the blinking
and the recovery process of alkylated SiNCs based on Efros and Rosen’’ model, which
considers three consecutive steps namely: photoabsorption, autoionization and

electron-hole recombination.

The blinking of QDs is suppressed with the oligo ligands or thiol groups.81' 85-88

The passivation of surface traps is created by ligand groups, and hence this causes
suppression. Also, the enhancement of the photoluminescence and reduction of
blinking of QDs have been reported which were deposited on the surface of metallic

79 8991 The plinking of CdSe was reduced where there appears the

nanoparticles.
covalent bonding with silver nanoparticles as observed by Fu et al®®. This is due to the
plasmon interaction which alters the energy gap between the exciton hole and
trapped hole.®’ This then decreases the hole-trapping process leading to a suppression

of the frequency of the blinking.

In this project, we treat the photofading of the luminescence under CW
irradiation as a first order process, but with distributed kinetics. Each SiNCs particle
may be either bright or dark according to whether it has undergoing photoionization 2
and the concentration of bright particles is proportional to the intensity of the

luminescence (I).
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1.4 Metal enhanced luminescence of silicon nanocrystals (SiNCs)

Semiconductor quantum dots are inorganic fluorophores that acquire distinctive
photophysical properties which are valuable in an assorted array of applications.so' 92:94
In order to expand the array of applications of inorganic nanoparticles, the
combination of dissimilar nanoparticles having dissimilar functions within a complex
nanoparticles are used. Multi component composite nanoparticles can show the way

towards improvements and enhancements in the luminescence properties of

individual inorganic nanoparticles.94

Silicon nanocrystals (SiNCs) are being intensively studied because of their
potential as luminescent labels.”® In particular, they may have advantages over the
current technology (CdSe quantum dots) in applications due to their lack of
cytotoxicity and smaller overall size as important factors.”® Furthermore, a great
attention has been focused into Si nanostructures since porous Si exhibit intense

0.9 From this point of view,

visible photoluminescence at room temperature.
worldwide literatures have been investigated significantly silicon nanocrystals as light
sources. Therefore, the unique optical properties of zero dimensional SiNCs which are
different from the bulk silicon open the door to use them in biological sensors and light

2,20,32,47, 72,97 Subsequently, the bulk Si presents weak emission; while

emitting devices.
SiNCs with diameter less than 5 nm emit efficient visible PL at room temperature.”’ It is
known that the luminescence characteristics of SiNCs depend upon their size and
surface termination as discussed previously in 1.3. This helps to tune their emission
frequency via part of the visible (Vis) and near infrared (NIR) spectrum by changing the
size of SINCs or their surface chemistry. This visible intense room temperature
luminescence from SiNCs is associated to radiative recombination of quantum
confined excitons.”® However, Si nanocrystals suffer from the low radiative emission
rates because of the indirect band gap of Si which limits the overall brightness of Si

98100 The jndirect nature of the bulk Si band gap and the relatively long (of

nanocrystals.
order 10 us) radiative lifetimes observed in some preparations has been considered a
disadvantage in applications where the PL of each particle is observed for only a short

length of time.
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There have been several attempts to improve the brightness of SiNCs by the
technique of metal enhanced luminescence in which SiNCs are placed in close

proximity to metal nanostructures (Ag, Au) which have a strong surface plasmon

101, 102

resonance in the visible spectrum.94' Metal-enhancement of molecular

103-106

fluorophores and quantum dots®® 3! including SiNCs>* 8199 102,107 55 heen

observed. The mechanism of the effect is discussed as follow. The metallic
nanoparticles exhibit interesting plasmonics properties which are associated with the

interaction between the metal and the incident light which is commonly known as

108

localised surface plasmon resonance (LSPR).” This phenomenon only occurs at the

boundary between the metal nanostructures and their surrounding environment. The
mechanism of this effect is attributed to coupling of the intense local electrical field of
the surface plasmon resonance of the metal to the absorption and emission
transitions. The surface plasmon resonance of silver and gold nanoparticles give rise to

very large absorption coefficients and this alone can increase the brightness of the

99, 101, 109

emitter through an increase in the rate of absorption. This coupling has been

found to be stronger when the wavelength of the incident radiation is near to the

plasmon resonance of the metal; thus the enhancement of the emission from SiNCs

110, 111
d.

can be observe Therefore, this phenomenon can be resulted in several optical

signal enhancements, such as surface enhanced Raman scattering (SERS), surface

enhanced infrared absorption and surface enhanced fluorescence ®* 108 112-115

The noble metal nanoparticles display unique and beneficial optical, magnetic,

108, 116

catalytic and electronic properties. Those properties are considerably different

from their bulk form. In addition, the interesting properties of LSPR of metallic

nanostructures make them attractive in different applications such as biological field,

108, 117

medicine, electronics, photonics, catalysis and sensing. Silver nanoparticles

(AgNPs) and gold nanoparticles (AuNPs) are examples of metallic nanoparticles which
first synthesised by Turkevich et a/'® method in 1951 and Lea et al in 1889.'*° Also,
their solutions exhibit intense colours which are not appear in their bulk
counterparts.’?® The properties of metallic nanoparticles are size dependent. For
example, the bulk silver is grey while the colour of AgNPs which have diameter range

121

from 35 nm to 50 nm is yellow.™" This colour can be turned to dark yellow, violet and

121

grey as the particle size of Ag nanoparticles increase.”™ Furthermore, the absorption
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spectra of AgNPs and AuNPs exhibit a broad absorption bands in the visible region.®’
This change in the absorbance is due to LSPR of the metal nanoparticles and is size

198 Recently, Rycenga et al'® have found that varying the dimension of

dependent.
AgNPs will influence the scattering and the absorption peak of LSPR. They have
suggested that when AgNPs have diameter about 30 nm the absorption dominates
scattering. However, AgNPs with a size range from 40 nm to 140 nm had a significantly

higher scattering intensity compared to the absorption.*®®

LSPR can be defined as the collective oscillation of the free electrons of metallic
nanoparticles under the influence of the wavelength of the incident light

108 This figure presents the

corresponding to the particle size as observed in figure 1.9.
LSPR of AgNPs as their particle size is much smaller than the wavelength of the applied
electromagnetic field."® It is important to note that the strong electromagnetic field
enhancements which lead to surface enhanced Raman scattering (SERS) is resulted

mainly from LSPR of the metal nanoparticles.®’

Electric Field

Silver nanosphere

Figure 1.9: Schematic illustration of collective oscillation of the free electrons of silver
nanoparticles that are excited by electric field incident light with wavevector (k). The
size of AgNPs is less than the wavelength of the incident light and the electrons are in
resonance with the light. This phenomenon is commonly known as localized surface

plasmon resonance (LSPR) adapted from Rycenga et al*®

It is known that the strong enhancement in Raman scattering which is known as

122

SERS performed when the molecules adsorbed on rough noble metal surfaces.” In
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1974, Fleischmann et al’® discovered the effect of surface enhanced Raman scattering
(SERS) from pyridine which adsorbed on rough silver electrode. They demonstrated
that the magnitude of Raman scattering signal from the adsorbed molecules greatly
enhanced up to 10°. In 1977, Jeanmaire and Van Duyne123 observed also a
considerable enhancement in Raman scattering when the molecules located near or
at silver substrate. Since the discovery of SERS, there is a debate between the
researchers about the mechanism behind the Raman scattering enhancement; thus it

remains an active research subject.m'126

There are two mechanisms that are responsible for the enhancement of Raman
scattering i.e. the chemical enhancement and electromagnetic enhancement.? The
first is a result of the interaction between the molecule and metallic nanoparticles
which leads to changes in the electronic states of the molecule. In accordance with this
change, a charge transfer state is formed between the adsorbed molecule and the
metal nanoparticles. In this mechanism, Raman transition increases by providing a
pathway for resonant excitation via the charge transfer state. The chemical
enhancement can only be observed when the molecule is adsorbed directly on the
surface of roughened metallic nanoparticles.122 The second, and most important,
mechanism is called electromagnetic enhancement, which is thought to arise from
LSPR modes in the metals nanoparticles. LSPR are excited by incident light;
subsequently a strong electromagnetic field is produced near the metallic
nanoparticles. This results in increasing the inelastic Raman scattering of the
molecules. It is believed that the electromagnetic enhancement contributes the most
of the enhancement in Raman scattering signal (10> - 10%) while the chemical
enhancement introduce much less contribution (10 - 10°).'®® In addition, Maitani et
0/125

suggests that the electromagnetic effect enhances the Raman signal above 100

times compared to the chemical effect.

However, when the metal nanoparticles and semiconductor nanostructures are
located near from each other and the surface plasmon is resonant with the incident

108, 112115 oo that

radiation, the metal enhanced fluorescence is achieved.®
perspective, it is necessary to choose a metal that provide a strong LSPR at the desired
resonance wavelength.127 Particularly, silver nanoparticles (AgNPs) are considered to

be the most interesting metal in plasmonics amongst the noble metal
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117, 128

nanoparticles. This is because AgNPs support narrow LSPR in both visible and

129, 130

near infrared regions i.e. from 300 nm to 1200 nm. Furthermore, AgNPs offer

108, 117

intense SERS enhancements. Taking into accounts the advantages of AgNPs, Ag

nanoparticles have been widely used in various applications such as SERS, optics,

108, 131 However, there is another requirement in order to

electronics and photography.
achieve efficient luminescence enhancement i.e. the incident light should be in
resonance with absorption transition of the semiconductor fluorophore. Taking into
account this requirement, SiNCs are ideal as their absorption spectrum presents an
absorbance which increases gradually above the indirect band gap to reach around 2
eV as observed in alkylated SiNCs®’ that prepared at Newcastle University;

subsequently only matching the wavelength of the excitation source with the plasmon

mode of the metal is required.

2 introduced the first experimental evidence of metal

Glass and co-workers®
enhanced emission from the dyes Nile blue and rhodamine B that were adsorbed on
AgNPs. They reported that the absorption spectrum of the dye was profoundly
enhanced as a result of the coupling to Ag nanoparticles. Furthermore, the absorbance
of the dye was still enhanced even the dye was separated from the metal by a 3 nm
polymethyl methacrylate (PMMA); but the enhancement is less than the previous one.
Glass and co-workers observed that the intensities of the luminescence from each dye
reached their maximum when the resonance of AgNPs matches the absorption
wavelength of each dye. Recently, metal enhanced luminescence i.e. AgNPs and AuNPs
is not restricted to the emission of dyes but this enhancement has also exhibited in the
emission intestines and radiative decay rates of semiconductor quantum

80, 89-91, 94, 107

dots.” Kulakovich et al* investigated distance-dependent

photoluminescence enhancement from CdSe/ZnS nanocrystals which coupled to gold

I”° reported also an enhancement in PL in CdSe quantum

nanoparticles. Okamoto et a
dots coupled to gold films. The PL intensities and PL decay rates of CdSe quantum dots

were enhanced up to 23-fold and two-fold, respectively.

To-date investigations of metal-enhanced PL at SiNCs have focused on the
steady-state spectra of single particles or ensembles and on measurements of the
radiative lifetime. Biteen et al® presented the first evidence of metal enhanced

luminesce of SiNCs. They observed that the local-field-enhanced light emission from
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SiNCs near to film of nanoporous gold. They detected that the intensity of the
luminescence from SiNCs enhanced up to four times; as the distance between the
nanoporous gold and SiNCs varied from O to 20 nm. They interpreted this
enhancement as a result of increasing the coupling between the SiNCs and gold.
Because of the increasing in the SiNCs emission, they claimed that SiNCs are able to be
competitive with the direct band gap materials emitters in light emitting devices

(LEDs). Biteen et al*®

then examined metal enhanced luminesce of Si quantum dots
using silver island arrays. They determined an enhancement up to seven times in the
photoluminescence intensity of SiNCs. This enhancement is attributed to coupling Si
quantum dots to AgNPs which fabricated by electron beam lithography. The emission
frequencies of silicon are corresponding to collective dipole plasmon resonance
frequency of the nanoscale Ag array. Subsequently, they outlined that the observed
enhancement in PL intensity of Si quantum dots is produced as a result of increasing
the radiative decay rate of the Si quantum dots. Mertens et al"®* later observed a
polarization-selective photoluminescence intensity enhancement when Si quantum
dots coupled to elongated AgNPs. They found that the observed polarization
dependence gives direct evidence that the photoluminescence enhancement is
attributed to coupling of SiNCs with Ag nanoparticles. From this behaviour, they
suggested the ability to engineer the plasmonics metal nanostructure in order to tune

and improve the performance of light sources via optimizing the absorption and

emission rates.

Mochiznki et al**3

studied the effect of Ag nanotriangles and Au nanovoids array
that are both prepared by nanosphere lithography on the PL properties of SiNCs. They
observed that the PL intensity of SiINCs enhanced in both types of metal nanoparticles.
In particular, the samples that contain Ag nanotriangles have been reported the largest
PL enhancement up to 3-fold. This is because the incident excitation wavelength
matches well with the wavelength of LSPR of Ag. Whereas, for the samples that
contain Au nanovoids array, the origin of PL enhancement is mainly associated to
radiative decay rates of SiNCs by sufficient excitation for SiNCs which then scattered
effectively from SPR of Au. The effect of rough gold films that placed near from SiNCs

110
l.

on the enhancement of the PL of SiNCs is also studied by Ishikura et a In this work,

different roughness of Au films were synthesised by electroless gold plating. The
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photoluminescence intensity and the decay rate of SiNCs have been increased as the
roughness of Au films increased. The largest enhancement has been achieved when
the wavelength of the excitation source corresponds to that of SPR of gold films.
Recently, our group have observed large enhancement 15-fold for SiNCs encapsulated
with Au nanoparticles in polymer lattices.*® This enhancement is occurred because the
excitation light coupled to the plasmon band of the AuNPs and in turn the intense field
at the AuNPs surface couples strongly to the SiNCs. In the absence of AuNPs, they have
noticed weak absorption of the SiNCs at the laser wavelength (488) nm and scattering

by only the polymer which produces a low PL intensity.

1.5 Enhancing the optical properties of silicon nanocrystals (SiNCs) using erbium ions

(Er*)

Use of materials for optical and electronic technology is an emerging field of

research. Over the last two decades there has been a lot of literature that has been

134 135,136

dedicated to development of this technology reviewed by Polman™", Kenyon and

137
/

Ray et al”’. The optical communication allows data information transfer and

processing at rates that are orders of magnitude higher than the current electronic

systems.’

The electronic systems, in this context, are the circuit systems that are
used in modern computer technology (computer processors). It is expected that by
using light to transfer data rates between logic devices has a higher rate than that of
the electrical interconnects, bottle necking one of the major limitations in data transfer
processes in traditional electronic systems. For example, a 1.5 um optical signal has a
corresponding optical frequency bandwidth of 10™ Hz that can be used to develop a

. . . . 1
new generation of optical communication networks."*

The major component in microelectronic and optical communication system is
silicon. There are three limitations that are associated with silicon related to their use
in optical communication system i.e. Si is an indirect band gap, strong non radiative
recombination pathways resulting in a very short non radiative lifetime and there is a
mismatch between the band edge luminescence at 1.1 um (1.1 eV) and the
wavelength of 1.55 um (0.8 eV) that is a requirement for compatibility with optical

137

communication system.™" This number of factors makes this element a poor light

emitter.
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The limitation of the spectral mismatch is overcome by incorporating silicon with
rare earth ions such as Er, Yb, Nd and Tm. Rare earth ions emission has been widely

investigated in silicon last two decades.'?* 3% 137

Erbium ions especially have played a
crucial role in the improvement of optical communication system, due to its
luminescence band being at 1.54 um which is the requirement in this technology.
Erbium is 11™ element in the series of rare earth elements which located in the sixth
row of the periodic table and the electronic configuration of Er is [Xe]4f'?6s’. It is
known that Er presents intense narrow luminescence bands in both visible and near

139 The erbium has two oxidation states i.e. Er*" and Er®*, out of which

infrared regions.
the former one is very commonly seen in semiconductors; due to its radiative
transition at around 1.54 um which corresponds to the most interesting wavelength in
photonics community. Losing one electron of 4f orbital and both of 6s orbital produces
the trivalent erbium (Er**); thus in this ion the incomplete 4f orbital is shielded by 5s
and 5p orbitals resulting in luminescence dependent host. The radiative transition of

Er’* in solid hosts looks like the free ion but with some changes due to Stark

splitting.**°

The labels of the energy levels in rare earth ions e.g. 4I13/2 or 453/2 correspond to
their angular momentum and spin quantum numbers.’*® The letters here are
attributed to the total orbital angular momentum of the ion. The total orbital angular
momentum is resulted by adding the orbital angular momenta of the individual

electrons in the ion following the Clebsch-Gordan series.™*

Thus, the letter S indicates
the orbital angular momentum (L) of O, P of 1, D of 2, F of 3 and etc. Therefore, the
letter | presents an L of 6. The superscript number 4 denotes the possible orientation
of the total spin angular momentum of the ion, which is given as 25+1, where S is
attributed to quantum numbers of spin. While the subscript presents the total angular
momentum of the ion. Consequently, in rare earth ions, it should be considered that

each discrete energy level is attributed to 11 ,.**°

Figure 1.10 presents the stark splitting of 4f'* of the electronic energy levels of
triply charged erbium ion (Er®*), showing the effect of the electric field in the host. This
schematic presents the splitting of the ground state *I to 9/2, 11/2, 13/2 and 15/2 due
to the crystal field of the host material.”** The responsible transition of the strong

emission band at about 1550 nm from trivalent erbium is corresponded to the
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transition from 4I13/2 to the ground state 4I15/2. Furthermore, there are transitions in
near infrared and visible regions; for example, the absorption peaks at around 980 nm,
800 nm and 545 nm associated to the transition from the ground state to 4I11/2, 4|9/2
and 453/2, respectively.142 However, these transitions are restricted in silicon and have a

small value in the optical communication technology.'*?
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Figure 1.10: Diagram showing the energy levels of trivalent erbium. In the Er** free ion
(left) the energy levels are sharp while the energy levels of Er** in a solid (right) are

split due to the Stark effect.’®*

Commonly, the shapes of the energy levels of the rare earth ions affect the

spectral line shapes as influenced by Stark splitting.140

The Stark splitting of rare earth
ions is formed as a result of the Stark effect. This effect is explained by the splitting and
the changing of spectral lines which are caused by external electric field. Particularly,
the energy levels of rare earth ions which are embedded in host solids split due to the
crystal field of the host materials. Depending on the number of the electrons of the ion
and the quantum number of the total angular momentum J of the energy level, the
possible number of the Stark levels in the rare earth ions can be determined.*** For

example, the ground state 4I15/2 of erbium ion (Er**) splits into a maximum of eight

Stark levels depending on the intensity and the symmetry of the crystal field of the

host materials.®
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As mentioned previously, the emission from trivalent erbium at 1554 nm (due to
4I13/294I15/2 transition in erbium) is a standard wavelength in the optical
telecommunication system; thus it is important to achieve maximum enhancement in
Er emission intensity i.e. long luminescent lifetime and high active concentration of

145

erbium.”™ Recently, the investigation on enhancing the optical activity of erbium ions

d.2% 137 1% The erbium emission can be increased by i)

has been extensively reporte
adding clusters which act as sensitizers for erbium excitation, ii) increasing the fraction
of trivalent erbium by changing the local atomic environment and iii) optimizing the
rate of erbium excitation by applying local field enhancement in presence of metallic
particles.143 The sensitization effect has recently become attractive subject because of
the successful enhancement in erbium emission via range of sensitizers (host

materials) including SiNCs, SiO, and Yb ions.” 1414

Among the host materials, Si has received particular interest since the discovery
of 1.54 um light emission in erbium doped silicon at 20 K in 1983 by Ennen and co-
workers**® and later they observed electroluminescence at 77 K in 1985.'* In their
work, molecular beam epitaxy was used to grow erbium in silicon. At that time, the
emission from erbium doped silicon was not efficient at room temperature; therefore
this domain stayed not active several years till the successful experiment that
observed the erbium emission at room temperature by growth of erbium in SiO, using
ion implantation technique.™® This effective light emission from silicon based erbium
(with sufficient high concentrations of Er) has led to a novel Si-based optoelectronics

and light emitting diodes (LEDs).™!

Taking into account the importance of 1.54 um light emission from erbium
doped silicon in optical telecommunication system, the mechanism of the energy

transfer from Si to erbium has been explained as follow.™’

Generally, the mechanism
of the erbium emission of erbium doped silicon is described as followed (see figure
1.11)."’ Firstly, exciton (electron-hole pair) is generated inside SiNCs by using an
excitation source. Then, the exciton recombines radiatively which causes photon
emission as the energy of the resulted photon depends on the size of Si nanocrystal. A
part of radiative recombination energy of the exciton of SiNCs is transferred to 4f shell

in trivalent erbium; thus exciting Er’*. The emission of erbium at 1.54 um then occurs

as a result of the transition from 4I13/2 to the ground sate 4I15/2. It is also should be
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noted that the amount of the energy transferred to Er*" depends strongly on the
concentration of erbium in the host material and the distance between Si nanocrystals
and trivalent erbium as observed by Cerqueira et al*®* ', Xu et a*® and Garrido et

0/103.

Conduction Band
.
I 4
y Y 113/ 2
hy
v A 4 4115/2
Valence Band
SiNCs Er3*

Figure 1.11: Schematic illustrating the energy transfer process from silicon

nanocrystals to trivalent erbium. Adapted from Ray et al.®’

There are several successful techniques that used to incorporate and to produce
optically active erbium ions into SiNCs including molecular beam epitaxym,
sputtering’®, chemical vapour deposition'®, thermal diffusion®™® and ion
implantation154. It is known that the ion implantation is an effective method for the

incorporation of Er’* in the silicon film.**®

The main advantage of the method is that
there is a great control over the position of the implanted material, but at the same
time it introduces substantial damage to the matrix. High temperature annealing and
molecular beam epitaxy are methods to overcome this limitation. The former method
is rarely used as there are chances of erbium ions to aggregate within the matrix

132 Thus, the latter is more used to

forming optically inactive clusters and silicides.
overcome the damage introduced in the matrix during ion implantation, as it does not
cause any damage to the implanted ions. In this present work, we use a new chemical
route to mix SiNCs (either alkylated SiNCs or commercial SiNCs) with Er¥* by dispersing
Si nanocrystals in tetrahydrofuoran (THF) and deionized water, respectively. Si

nanocrystals then mixed with aqueous erbium tri chloride in order to observe any
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change in the optical properties of SiNCs. To the best of our knowledge, there have

been no reports on mixing SiNCs with erbium ions by this chemical route.

Fujii et al*>> %8

observed that Er-doped SiNCs films exhibit two emission bands
i.e. 0.81 and 1.54 um that associated to radiative recombination inside Si nanocrystals
and to intra-4f transition (*l;3,>%l152) in erbium ions, respectively. They studied the
correlation between the intensities of the two luminescence bands as a function of
erbium concentration. They found that the intensity of erbium emission band at 1.54
pum increased as the concentration of erbium increased, whereas the intensity of 0.81
um decreased significantly. They suggested that the energy is transferred from Si
nanocrystals to erbium ions. In contrast, Cerqueira et al*® 1% found that the intensity
of the emission peak of erbium increased with decreasing the erbium concentration.
This provides also a clear evidence for the energy transfer from silicon to erbium. Also,
they suggested that the intensity of this peak mainly depends on the chemical

l155, 156 and

composition of the matrix where SiNCs are embedded in. However, Fujii et a
Cerqueira et al®® 1% poth observed that the PL peak of erbium ions was also more

intense with small size of SiINCs embedded in silicon matrix.

157 158
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John et al>" and lJi et al”>* implanted Er* alongside SiNCs into SiO; films, where
the SiNCs play as a sensitizer which absorb more photons efficiently. Thus, this leads to
a significant improvement in the emission properties of Er ions as the erbium ions
covalently bonded with SiNCs. In their work, Er-doped SiNCs samples exhibit NIR light
emission which created by transfer energy from Si nanocrystal to erbium. John and co-
workers®’ prepared erbium-doped SiNCs by the co-pyrolysis of disilane where
Er(tmhd)s (tmhd = 2,2,6,6-tetramethyl1-3,5-heptanedionato) was used as a source of
erbium ions. Transmission electron microscopy, selected area electron diffraction,
photoluminescence and UV-Vis absorption spectroscopies have been used to
characterize SiNCs. X-ray energy dispersive spectroscopy was used to confirm the
presence of erbium. In addition, Ji et al**® synthesised SiNCs by co-pyrolysis of disilane
where erbium ions derived from erbium amidinate in a dilute He flow at 1000 °C. High
resolution electron microscopy, selected area electron diffraction, energy dispersive X-
ray and PL spectroscopy were used to characterize the samples. These two methods of

preparation erbium-doped SiNCs provide high concentrations of erbium centred in

given SiNCs, thus improvement in the light emission from Er®* has been achieved.
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Furthermore, they found that the structural and optical properties of SiNCs depend on
the location of the erbium ions, where Er** directly excited by excitons if they

dispersed over the Si nanocrystal.

Kik et al™' produced SiNCs in silica using silicon ion implantation followed by
high temperature annealing. Erbium ions then implanted into SiNCs doped SiO, layer.
They found that the energy transfer from silicon to erbium ions by the mechanism of
electron-hole pair radiative recombination inside SiNCs. In addition, they observed that
electron-hole pairs excite erbium ions with efficiency larger than 55% and the

maximum number of erbium ions around Si nanocrystals is near unity.

Kashtiban and co-workers™* synthesised erbium-doped SiNCs in a silica matrix
using ion implantation technique followed by high temperature annealing in N,
atmosphere. The chemical composition and the distribution of implanted erbium have
been investigated by high-angle annular dark-field (HAADF) imaging and electron
energy loss spectroscopy (EELS). The sample shows intense PL emission band of Er*" at
1.54 um, as the Er in the film was found to be in an oxide form of Er,03, surrounding Si
nanocrystals. Xu et a/® studied the structural and the opticl properties of erbium-
doped silicon-rich silica containg different concentrations of Si. They obtained that the
maximum optimization of the PL of Er’* up to two times with the medium

concentration of SiNCs.
1.6 The motivations and objectives

Due to the significant growing interest on silicon nanocrystals to be used in
different applications including electronic, photonic devices and biological labels, it is
desirable to synthesis these unique structures and investigate their own structural,
chemical and optical properties. Furthermore, the previous studies attempted to
enhance the emitted light from SiNCs by using metallic nanoparticles and rare earth
ions. Thus, the motivation of this work is to use different methods to detect the

enhancement in the light emission of Si nanocrystals.
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The objectives of this work were as follow:

To synthesize alkylated SiNCs (C;1-SiNCs) by a galvanostatic anodization method

followed by a thermal hydrosilation reaction.

To investigate the structure of commercial Si nanoparticles using different

techniques.

To characterize the chemical composition and the optical properties of Cy;-

SiNCs and commercial SiNCs using different techniques.

To study the chemical change in C11-SiNCs caused by erbium ions.

To detect the enhancement in the light emission of Er mixed SiNCs (both Cq1-

SiNCs and commercial SiNCs) using different techniques.

To study the metal-enhanced PL on both types of SiNCs caused by AgNPs.

To investigate the time dependence of photoluminescence of SiNCs over a

period of time to determine if their photofading process is reversible.

To test the hypothesis that indicates the fading as well as recovery of the
luminescence in SiNCs is caused by charging and photoemission the particles

respectively rather than a chemical reaction.

To study the effect of the presence of metallic nanoparticles i.e. AgNPs and
AuNPs, the electron donors i.e. ferrocene molecule (FeCioH19) and electron
acceptors i.e. ferric chloride molecule (FeCls) on the photoluminescence fading
of SiNCs over many minutes in terms of reducing the photofading and

enhancing the luminescence.

10- To compare the kinetic measurements of SiNCs and their mixtures with

metallic nanoparticles, electron donors and electron acceptors as well as to
present comparison for C;;-SiNCs laboratory and commercial SiNCs. To the best
our knowlege this work is the first demonstration of the effect of the electron
donors and electron acceptors on the intermittency of light emission from Cy;-

SiNCs and commercial SiNCs under CW. Where many researchers have focused
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on direct band gap semiconductors especially CdSe in the previous decade for
making it usable in some applications for example in fluorescent labelling of

biological specimen and optoelectronic devices.?% 7% 1% 160

1.7 Thesis overview

This thesis has 6 chapters; a short summary of each chapter is given as follow:

The first chapter consist of the background of semiconductor nanocrystals
quantum dots. The synthesis and the optical properties of SiNCs are described. Metal
enhanced luminescence of SiNCs and enhancing the optical properties of SiNCs by

erbium ions are described.

The next chapter, chapter 2, presents the methods to prepare alkylated SiNCs,
commercial SiNCs, AgNPs, AuNPs, FeCigHip and FeCls. Furthermore, this chapter
provides details of the experimental techniques that used throughout the thesis and
the principles of their operation. This chapter also shows comprehensive details about
the preparation methods of the investigated samples for all the spectroscopic

measurements.

Chapter 3 presents the chemical characterization of synthesised C;1-SiNCs as well
as the chemical composition of Er mixed Cy;-SiNCs. Crystal structure, size distribution
and the chemical characterization of commercial SiNCs are described. Furthermore,
this chapter determines the structural and chemical characteristics of synthesised

AgNPs.

In chapter 4, the optical properties of synthesised C1;-SiNCs, commercial SiNCs
and their mixtures with aqueous ErCls and AgNPs are presented. UV-Vis absorption
measurements of C11-SiNCs, commercial SiNCs and their mixtures with erbium ions and
AgNPs are given. Photoluminescence (PL) measurements have been also investigated
for C11-SiNCs, commercial SiNCs and their mixtures with erbium ions. Furthermore,
Raman and surface enhanced Raman spectroscopy (SERS) analyses have been studied

for C41-SiNCs, commercial SiNCs and their mixtures with ErCl; and AgNPs.
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Chapter 5, presents the investigations of the enhanced PL observed in drop-cast
films of SINCs mixed with either noble metal nanoparticles (Ag, Au) or electron
donor/acceptors (ferrocene/FeCls). This chapter test the hypothesis that electron
injection into the SiNCs is responsible for diminution of the photofading and

contributes to the overall PL enhancement.

In the final chapter 6, the overall conclusions of the project are highlighted from

the previous three investigations followed by the potential future work.
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Chapter 2

Experimental Methodology

In this chapter, the experimental techniques used throughout the thesis and the
principles of their operation are described. Silicon nanocrystals prepared in the
laboratory of the Chemical Nanoscience group at Newcastle University and Intrinsiq
Ltd sample of silicon nanocrystals were characterized. Experiments to demonstrate
different optical characteristics were carried out on both samples of silicon
nanocrystals. The behaviour of silicon nanocrystals and their mixtures i.e. with erbium
ions and metal nanoparticles under CW laser irradiation were studied as well as time-
resolved luminescence fading characteristics. Structural characterization was
performed using scanning electron microscopy (SEM), transmission electron
microscopy (TEM), high resolution transmission electron microscopy (HRTEM), atomic
force microscopy (AFM) and X-ray diffraction (XRD). Chemical characterization was
performed also using X-ray photoemission spectroscopy (XPS) and Fourier Transform
Infrared spectroscopy (FTIR). The optical characterization was performed using UV-Vis

spectroscopy, Raman spectroscopy and photoluminescence (PL) spectroscopy.
2.1 Materials

Intrinsiq Ltd supplied SiNCs in the form of a crude powder. Erbium (lll) chloride
hexa-hydrate (ErCls.6H,0), silver nitrate, sodium dodecyl sulphate (SDS), gold (lll)
chloride tri-hydrate (HAuCl,.3H,0), sodium citrate, ferrocene and iron (lll) chloride
(FeCl3) were purchased from Sigma Aldrich. All chemicals were analytical grade and
used without further purification. Deionised water was used in all the experiments

(nominal resistivity 18 MQ cm, Nanopure™ purification system, Barnstead).
2.2 Preparation of samples
2.2.1 Preparation of alkyl SINCs

A modified version of the method presented by Lie et al* was used to prepare
alkyl-capped (11 carbon atoms) SiNCs. This method? forms Ci;-SiNCs with the same
optical characteristics with those explained in reference.! Porous silicon was formed by
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anodic etching of silicon wafer in HF/EtOH. Alkylated silicon nanocrystals were
extracted from the porous silicon by a thermal hydrosilation reaction in refluxing

toluene.

A silicon chip 1x1 cm? was cut from a silicon wafer (boron-doped p-Si <100>, 10
Q cm resistivity, Compart Technology, Peterborough, UK) using a diamond scribe. The
silicon chip was then placed in electrochemical cell polytetrafluoroethylene (PTFE) with
a diameter of 1 cm and using Viton™ O-ring at the base to seal against the silicon chip.
Figure 2.1 shows the cell design that is used to etch the silicon chips.

PR Cathode

L

{_/———Viton ™ O-ring

N

| Si wafer (anode)

The counter
electrode T~

Copper foil

Figure 2.1: A diagram of the electrochemical cell that is used in etching the silicon

chips.

In the cell, a total of 2 mL ethanol and hydrofluoric acid HF (1:1 V/V) solution was
added. The electrochemical cell was linked to a power supply and control system
(Keithley 2601 and Test Script Builder program) which were set at 400 mA for 5
minutes to etch the silicon and in order to improve the uniformity of the current
distribution, a piece of tungsten wire coiled into a loop was used as a counter

electrode.

After etching, a light orange colour was displayed at the surface of the porous
silicon. The chip was cleaned with de-ionized water and dried with nitrogen gas as
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shown in figure 2.2a. The dry porous silicon chips also luminesced orange under

ultraviolet (UV) light (A= 365 nm).

Four porous silicon chips were then refluxed in 25 mL of dry toluene solution
(previously distilled over Na, Merck) which contained 0.4 mL of the alkene (1-
undecene Cy1H,,, 0.1 M, Merck) for four hours in a Schlenk flask (16 cm in length and 5
cm in diameter). The flask was placed on the magnetic stirrer hot plate linked to a
refluxing condenser. During the refluxing time, a clear yellow liquid formed and a flow
of nitrogen gas was present in order to keep air out of the Schlenk flask to avoid the
oxidation of Si-H bond in Si chip. The boiling point of the solution was around 110 °C.
Under the UV lamp (A= 365 nm) an orange colour luminescence was emitted by the

resulting suspension.

After the reflux, the solvent was decanted and transferred to another Schlenk
flask. The flask then was placed on the hot plate at low temperature. The flask was also
connected to vacuum pump at low pressure in order to evaporate the solvent and
unreacted alkenes from this fluorescent solution. The remaining product after the
evaporation process was silicon nanocrystals capped with a Cy; alkyl chain, known as
alkylated silicon nanocrystals. In order to dissolve the alkylated silicon nanocrystals
from the surface of Schlenk flask, 10 mL of nonpolar solvents i.e. dichloromethane
(CH,Cl,) was used. This solution was luminescent under UV lamp (A = 365 nm) as
presented in figure 2.2b. Per Si chip, It was estimated that 100 pg of alkyl SiNCs were
typically formed.? Thus, the concentration of alkylated SiNCs used in the preparation is

0.04 g/L. This suspension of alkylated SiNCs in CH,Cl, was kept in a vial before use.
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Figure 2.2: (a) A light orange colour was displayed by the surface of dry porous silicon
after drying with nitrogen gas. (b) C;1-SiNCs in CH,Cl, under UV lamp (365 nm). The
blue colour appears as a consequence of reflected light from the walls of the flask on

the camera.
2.2.2 Preparation of SiNCs suspension

To obtain well dispersed SiNCs, 3 mg of commercial SiNCs i.e. Intrinsig Ltd was
added to 10 mL of deionised water followed by sonication (Ultrasonic Processor
Amplitude) for 10 minutes at 25% of maximum amplitude with a micro tip. Thus, the

concentration of commercial SiNCs is 0.3 g/L.
2.2.3 Mixing with Erbium (lll) chloride hexa-hydrate

Alkyl SiINCs were dissolved then in 200 uL of tetrahydrofuran (THF). Two beakers
(each beaker was 15 mL. Fisher Scientific) were filled with 5 mL de-ionized water.
(0.007 g, 4 mM, 10 mL) of ErCl3.6H,0 was added to first beaker and the second beaker
was used for blank (i.e. without Er). 100 pL of C;;-SiNCs was added to each beaker.
Thus, the concentration of C11-SiNCs (0.08 g/L) kept constant during this study. These
two beakers were placed on a magnetic stirrer plate for 2 minutes. Two glass vials then
were utilized to keep the solutions. The same method has been used to prepare this
mixture with commercial SiNCs. It also should be noted that the commercial SiNCs
suspension was used immediately without dissolving it in THF. In addition, the
concentration of commercial SiNCs (0.6 g/L) was kept constant during this project. The

SiNCs/ErClz mixture was dried in air on a glass slide coverslip for spectroscopic studies.
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2.2.4 Preparation of silver nanoparticles

AgNPs were prepared according to the procedure described by Bhaduri et al®
AgNPs were synthesised using silver nitrate salt and sodium dodecyl sulphate (SDS)
which were each dissolved in 100 mL of distilled water separately. The sealed sample
vial that contains silver nitrate solution in added SDS solution (200 mL) was exposed to
natural sunlight. The sunlight intensities which utilized in this experiment were = 50.3
mW/cm? and the sunlight exposure time during the reaction was 1 hour. After around

10 minutes, a change in solution colour was noticed from transparent to light brown.

Throughout exposure to sunlight, the synthesis temperature of the vial was kept
constant at 25 °C by using water bath (BS5, Fisher Scientist). The vials of synthesised
silver nanoparticles were then kept in the dark. The concentration of AgNO3; was 0.01
M and SDS was 0.05 M (SDS to AgNOs; molar ratio 5:1) for all the experiments other
than the one where the concentration of AgNOs and SDS was changed to 1 mM and 5

mM (SDS to AgNOs; molar ratio 5:1).
2.2.5 Preparation of gold nanoparticles

The Turkevich method® was used for the synthesis of AuNPs. To obtain a yellow
solution, HAuCl4.3H,0 (0.16 g, 0.41 mM) was added to boiling distilled water. The
colour changed from light yellow to dark purple upon addition of 3.28 mM sodium
citrate (34 mL) to the gold (lll) chloride solution. To obtain a ruby-red colour aqueous
dispersion of AuNPs, the resulting mixture was boiled for 30 minutes. The solution was
allowed to cool and stored at room temperature. This protocol produces AuNPs with

average diameter of about 20 nm.’

2.2.6 Preparation of ferrocene

1 mM of FeCyoH1o solution was prepared by dissolving 0.002 g in 10 mL of CH,Cl,.

2.2.7 Preparation of iron (lll) chloride

In order to obtain 1 mM of the FeCls solution, 0.002 g was dissolved in 10 mL of

Nanopure water.
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2.3 Principles of the techniques

This part describes the theory of the various characterization equipments that
used in this project. The structural characterization comprises scanning electron
microscopy (SEM), transmission electron microscopy (TEM), high resolution
transmission electron microscopy (HRTEM), atomic force microscopy (AFM) and X-ray
diffraction (XRD). While the chemical and optical characterization comprises X-ray
photoemission spectroscopy (XPS), Fourier Transform Infrared spectroscopy (FTIR),

UV-Vis spectroscopy, Raman spectroscopy and photoluminescence (PL) spectroscopy.
2.3.1 Scanning electron microscopy (SEM)

SEM was used to investigate the morphology and topography of the sample
surfaces. In SEM, the information is obtained from secondary electrons (SE),
backscattered electrons (BE), the X-rays as well as Auger electrons. The secondary
signals occur due to the interaction between the electron incident beam and the
sample as shown in figure 2.3.%7 The electrons which are ejected from the surface of
the specimen and have low energy are known as secondary electrons. The SE can
reach the detector and SE was used to image the morphology and topography of the
investigated sample. In contrast, the BE are electrons from the deeper region and
contain high energy. The brightness of sample surface was also created by BE. In
addition to SE and BE, X-rays are generated from the inelastic collision of the incident
electron beam with inner shell electrons of the sample. Thus, the X-rays are utilized to
determine the chemical composition of the sample.” In addition, X-rays may be used to

measure the quantity of the elements that are present in the investigated samples.
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Electron Beam

Specimen Surface

PSS

~ Auger electrons (= 1 nm)
Secondary electrons (= 100 nm)

2

Inelastically
backscattered electrons (= 1 um)

Characteristic X-rays (= 10 ym)

Continuum X-rays (= 10 uym)
Fluorescent X-rays (= 10 uym)

Figure 2.3: A diagram showing the secondary signals which are generated as a result of
the interaction between the electron beam and the specimen (adapted from Reimer®
and Dewar®).

It can be seen from figure 2.4 that SEM as an instrument comprises an electron
gun, condenser lens, objective lens, scanning coils, a stage for the sample, detectors
and display devices (computer).9 The electrons are generated by using an electron gun
under a high electric field. This gun which uses a sharp tip to generate electrons is

known as a field emission electron gun.

In addition to the above, a spray pattern is produced by the electron gun, and
the electrons must be focused on the investigated sample.” To achieve this, a set of
condenser lenses and an objective lens are employed. The function of each lens
differs; electrons are guided through the SEM column by the condenser lens, whereas
the electrons are focused into the investigated sample using the objective lens. A

. . .1
raster scan pattern over the sample can be produced also by using scanning coils.™°

As mentioned previously, the low energy SE which produced from the surface of
the sample is occurring as a result of the interaction between the electron beam and
sample. These electrons are used to produce signals which are recorded on a
secondary electron detector (SED). The detector system of scintillator-photomultiplier
amplifies the signals. The computer memory then stored this signal. These are actually

numerical values that are converted into a digital image.™
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In this project, SEM imaging was done using (FEI XL30-ESEM-FEG) at Newcastle
University, United Kingdom which displayed in figure 2.5 to investigate the
morphology and topography of commercial SiNCs. The sample was prepared by drop-
casting 10 uL of SiNCs suspension in deionized water on aluminium support using a
micropipette (Eppendorf) and left overnight to dry at room temperature. SiNCs were
then coated with a thin layer of gold to prevent charging before the observation by
scanning electron microscopy. The Image) program12 was then used to measure the

particle size of commercial SiNCs. The SEM images can be seen in chapter 3.

Electron
-4—— Electron Gun

Anode

Magnetic
Autiinmm- “#— Lens

TOTV
Scanner

Electron

Detector & —
EERANSE &% Secondary

“\Elecfron

Detector

Stage .
— Specimen

Figure 2.4: A diagram presenting the components of SEM equipment.9
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Figure 2.5: SEM instrument at Newcastle University.
2.3.2 Transmission electron microscopy (TEM)

The characterization of the materials in the nanometre range was carried out by
TEM, which is a powerful technique.13 The morphology, particle size and
crystallographic structure can be determined by TEM. The sample must be thin to
allow the incident electron beam to pass through; thick samples cannot be studied.
Thus, there is a direct relationship between the thickness of the sample and the
electron beam penetration. There are various forms of electron beam transmission
including unscattered, inelastically and elastically scattered electrons. To produce the

image, the elastically scattered electrons are detected.

In a typical TEM instrument there are four components : the illumination system,
the sample holder, the objective lens and the TEM imaging detector.” Figure 2.6 shows
the schematic arrangement of the TEM instrument.” Each of the components is
described separately, where the illumination system consists of an electron gun and a
condenser lens. The electron beam is generated by the electron gun. The beam is
focused through a condenser lens and then onto the sample. The sample holder where
the sample is located is the second compartment. The transmitted electrons can then

be focused by an objective lens to produce high resolution images.
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In TEM, the image projection and diffraction pattern projection are two types of
the imaging modes which can be operated in the image formation. The purpose of
these projections based on the aperture which utilized. The former is operated by
occupying the objective aperture. The contrast of the image projection increased due
to blocking the high angle diffracted electrons. While to operate the diffraction pattern
projection, the selected area aperture is applied. The interaction between the electron
beam and the arranged atoms of the sample produces periodic diffraction of electron

in this mode of imaging.
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Figure 2.6: The schematic arrangement of the TEM instrument adapted from Chin et

al.’
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The TEM imaging system refers to the last compartment in this instrument. The
image formed by the objective lens is projected and magnified using an intermediate
lens and a projector lens on the viewing screen. The detector then converts these
electrons to a visible light signal. Scintillator-photomultiplier systems and charge
coupled devices (CCD) are used as detectors in TEM. The latter is now the detector of

choice because of its low noise and high sensitivity.14

The imaging process in TEM instrument comprises three types i.e. mass thickness
contrast, diffraction contrast and phase contrast.””> These three types may produce

different contrast in the image.

The mass thickness contrast is typically observed in the amorphous and
crystalline samples.15 In this phase, the enhancement of the contrast can be achieving
when the diffracted beams from the objective lens contribute with transmitted beam
to produce the image. This mechanism is occurs when setting the objective aperture of
the objective lens on the optic axis. Thus, the investigated area that does not contain
specimen will emerge bright. Therefore, this type of image is known as a bright field

(BF) image.

The diffraction contrast can be applied for crystalline samples.15 During this
mechanism, the diffracted beam is the only permitted to travel via the objective
aperture. Thus, this type of imaging contrast produces a dark field (DF) image. This
type of the imaging also can be achieved when the objective aperture is not placed in
the optic axis. Consequently, an investigated area which has only specimen will

emerge bright.

In phase contrast, the transmitted electrons in various phases are used to create
the image.15 This mechanism can be achieved by removing the objective aperture or by
providing a large objective aperture. Thus, the resulted beams either transmitted or
diffracted easily travel through the objective aperture and the optical axis. This
therefore detects the lattice fringes which assigned to the structure of the investigated

samples.

Both SEM and TEM are two kinds of electron microscopy that use an electron

15, 16

beam to interrogate the sample. Thus, the electron gun, vacuum chamber,
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condenser lenses and objective lenses are mainly used in those two instruments. As
compared to scanning electron microscope, the transmission electron microscope
gives information on the bulk of the sample rather than the surface of the sample.
Around 2-40 keV is the required energy to accelerate the electrons in SEM instrument

while about 80-200 keV in the TEM instrument.

In this project, TEM at Newcastle University, United Kingdom was used to
investigate the microstructures of Intrinsig Ltd commercial SiNCs. One drop of the
SiNCs that dissolved in deionized water was dried onto a carbon-coated copper grid
(Agar Scientific) and examined in a Philips CM100 transmission EM operated at 100 kV.
Images were taken with an Optronics CCD camera 1824 x 1824 pixel with AMT40
version 5.42 image capture (Deben UK). The Imagel program® was used to measure
the particle size of commercial SiNCs. The images of TEM of commercial SiNCs can be

seen in chapter 3.
2.3.3 High resolution transmission electron microscopy (HRTEM)

HRTEM technique is considered as another form of TEM. This technique can be
utilized to determine the crystal structure of the crystalline samples. In HRTEM, the
phase-contrast imaging mode is applied in order to obtain specimen images. The
phase-contrast imaging mode as mentioned previously uses diffracted and non-
diffracted beams to pass over the objective aperture and move along the optical axis in
order to create interference which is used to develop the contrast in the image.17 The
finally constructed image could have the following shapes as parallel or crossing lines.
These parallel and crossing lines also known as parallel fringes and crossing fringes
respectively. The parallel lines are associated to maximal and minimal intensity while
the spacing d between the lines correlated to lattice spacing of the crystallographic
planes. The beams of diffracted and non- diffracted beams give rise to the crossing
fringes in the objective aperture. The crossing fringes are attributed to maximal and

minimal intensity of the pattern.

However, the orientation of crystal lattice planes is demonstrated by the crossing

fringes. In order to measure d, the following equation is applied*®:

rd=LA 2.1
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Where r is a characteristic for a particular specimen and obviously it is inversely
proportional to the d lattice spacing of the specimen.16 L is the camera length known
as a camera constant and it can be altered for the microscope. A is the wavelength of
the electron beam. Using a chemical database service (CDS), the Miller indices of the

investigated specimen can be explained depend on the d spacing values.

In this project, high resolution transmission electron microscopy was carried out
at the Materials Science Centre at Manchester University, United Kingdom using a
Tecnai F30 300 keV microscope. One drop of commercial SiNCs that dissolved in
deionized water was added on the grids (Agar Scientific) using a micropipette
(Eppendorf) and dried overnight in room temperature. To calculate d spacing from
HRTEM images, the ImageJ program was used.'? The Miller indices then were obtained
from the chemical database service (CDS) at Daresbury.18 The results of HRTEM

studies of commercial SiNCs can be seen in chapter 3.
2.3.4 Atomic force microscopy (AFM)

To investigate the particles morphology and the particle size for organic,
inorganic and biological materials, atomic force microscopy was employed. This is a

type of scanning probe microscopy.19

The AFM instrument comprises a sharp tip cantilever, a piezoelectric scanner, a
laser diode and a photodiode detector.”® The schematic of the AFM instrumental
technique is shown in Figure 2.7.%° This cantilever is made from silicon or silicon
nitride with a pyramidal tip with a radius of curvature on the order of a few
nanometres.”! This tip is located at the end of the cantilever and that allows the tip to
touch the surface of the investigated sample. By applying a piezoelectric scanner, the
tip moves on the sample surface in 3-dimensional movements in the x, y and z
direction. The force of the interaction between the sample surface and the tip gives
rise to deflection of the cantilever. This resulting deflection is then detected through a
laser spot. This is available at the backside of the cantilever and then reflects towards a
photodetector.22 There are two photodiodes in the detector that function together in
order to detect the alteration of the reflected beam from the cantilever deflection.”*
This helps to identify two different signals using the laser spot on the detector as well
as the location of angular deflection of the cantilever. At the same time, the
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interaction between the tip and the surface's sample is controlled at a fixed value

using a feedback circuit. An image is produced by the feedback signals.22

Photodiode detector
(vertical motion)

Laser

Mirror

Cantilever

>
s

i
Photodiode detector S, Sample
(lateral motion) ‘ [
XYZ

Piezoelectric scanner

Figure 2.7: A schematic showing the general set up of AFM adapted from Kolasinski.?

The AFM works on three main imaging modes including contact mode, non-
contact mode and tapping mode, that mainly depend on the nature of the tip motion

22,2 . .
*2 In contact mode imaging,

and the interaction between the tip and sample surface.
the constant cantilever deflection is produced by the repulsive force between the tip
and the surface sample due to interaction between them. Thus, it is important to keep
the repulsive force constant in order to obtain better AFM images. To achieve this,
feedback circuit is used so that the cantilever deflection stays constant. In the second
mode of imaging, there is no contact between the tip and the sample surface. Van der
Waals attractive force is generated in this type as a result of the location of the tip
nearby the sample surface. Thus, this attractive force gives rise to a change in the
frequency of cantilever's resonant frequency. As the contact mode images, the non-
contact mode imaging maintain the frequency shift constant by controlling the
oscillation amplitude of the cantilever. Most AFM imaging works on the final mode

which is known as tapping mode (TM) when the tip taps on the sample surface. In the

end of the tip, there is interaction between the tip and sample surface so that the
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repulsive and attractive forces are produced on the tip. Then, the oscillation amplitude

is conserved for having constant interaction between the tip and the sample surface.

In this project, the average particle size and the particle morphology of the
commercial SiNCs were measured by atomic force microscopy (AFM) at Newcastle
University, United Kingdom which presented in figure 2.8. The scanning probe of AFM
was a Nanoscope llla/ Multimode system (Veeco Instruments Inc., Metrology Group,
Santa Barbara) instrument. All AFM images were obtained in TappingTM mode. The
tips which used in this measurement were TESPW (0.01-0.025 U cm antimony n-doped
Si cantilevers, Veeco Instruments Inc., Metrology Group) with a spring constant of 20—
80 N m™ and a resonant frequency of 245-247 kHz. All the AFM images were taken on

an air table (TMC) for vibration and noise isolation.

All AFM measurements were carried out at room temperature. A thin film of
SiNCs was prepared by deposit approximately 10 pL of SiNCs suspension that dissolved
in deionized water onto mica substrate using a micropipette (Eppendorf) and left
overnight to dry in room temperature. The AFM images were exported using WSxM
program.24 The results of AFM images and their cross sections can be seen in chapter

3.

Figure 2.8: AFM instrument at Newcastle University.
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2.3.5 X-ray diffraction (XRD)

X-ray diffraction is a technique that is utilized to detect the crystallographic
phase of usually crystalline materials and may be used to determine the crystallite size
of the investigated samples.’” The diffraction patterns of the understudy samples take
place due to the interaction between the X-ray and periodic planes of the atoms.
Therefore, the diffraction patterns depend upon the structure of the materials. As
each material has a specific diffraction pattern, it can be used as a fingerprint for the

investigated samples. This is then used to determine the crystallographic phase.

There are number of interactions between X-rays and materials that can result
such as reflection, absorption and diffraction.!’ The X-ray beam is reflected back by the
investigated materials in the reflection. In addition, the direction of the beam might
change as the photons passes through the investigated materials. If the materials
absorb energy from X-ray radiation, excitation of the electrons from ground state to
excited state results. The last diffraction is entirely different from reflection and
absorption, takes place when the incident X- ray beam passes through the sample and

the scattered beam is detected.

The XRD instrument consist of an X-ray tube, a sample stage and detector.” The
electrons are produced and are accelerated towards the target material i.e. Cu, Fe, Mo
and Co by heating a filament and applying a high voltage respectively in the X-ray tube.
These electrons can eject electrons from the inner shells of the target materials.
Consequently, the X-rays i.e. Ka and Kf are generated. The resulting X-ray beam is
then exposed to the sample. In practical use, rotation of the sample stage allows the
detector to record the intensity of diffracted X-rays from the investigated sample as a
function of scattering angle 6. After recording the signals by the detector, they are
then converted into voltage pulses using photomultiplier tube (PMT) which are

digitized and transmitted to the computer.

The X- rays are scattered when the periodic planes of the investigated atoms are
irradiated with X- ray beam which has a wavelength A.'” This scattering of X- ray waves
could be constructive or destructive interference. The former is only used to produce a
diffracted beam. Thus, the constructive interference of diffracted beam is utilized in
the XRD instrument, which employs the principle of Bragg's law'’:
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nA = 2d sin@ 2.2

Where n is an integer, A is the wavelength of X-ray beam, d is the distance between the
planes and this is where the diffraction is produced and 8 refers to the angle of

diffraction (Bragg's angle).

The following figure 2.9 presents the basics of Bragg's law.”> When the incident
beams of X-ray are exposed to the crystal planes of the material (ray 1 and ray 2), the
X-ray will be diffracted and Bragg's angle 6 is measured by the detector. The angle of
the diffraction is the same as the angle of the incident beam. Obviously, ray 1 (the
second plane) travels longer distance than that of the top plane, thus the desired
constructive interference generates if the extra distance travelled by ray 1 is
corresponding to integral number of the wavelength (nd). The constructive
interference occurs when the wave of ray 1 and ray 2 are in phase meaning their crests
and troughs coincide. Consequently, the waves will combine together in order to

produce a strong diffracted beam.”

Incident Radiation Diffracted Radiation

——— —

-~ = Top Plane

d

i i s o i - - Second Plane

Figure 2.9: A graph showing the XRD in a crystal adapted from Cullity.?

XRD pattern is generated as a result of plotting reflected intensities of X-ray
incident beam as Y axis and 26 as X axis. The peak position, peak width and peak
intensity of the materials are the main three ways to interpret the data.” The peak
position is observed by 26 . This 20 correspond to d spacing between the planes as
indicated in the Bragg’s Law. Thus, the Miller indices of the lattice can be determined
using this formula. The crystallographic phase of the samples and the particles size can
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be identified by the peak width. Using Debye Scherrer formula, the crystallite sizes

have been calculated’:

kA

Bcosb 2.3

Where D is the crystallite size (in nm units), k is the Scherrer constant = 0.94 for a
sphere, § is the full width at half maximum (FWHM), A is the wavelength of the X-ray
(Cu-Kay), which widely used as X-ray with wavelength =0.154 nm and 6 is the angle of

the diffraction peak.

However, the peak intensity identifies the total diffracted beam from each plane
and it exhibits the different impurities in the material.” Thus, the structure of the

samples and its composition can be determined from the peak intensity.

In this project, XRD at Newcastle University, United Kingdom which presented in
figure 2.10 was used to confirm the crystalline nature of the Si core in commercial
SiNCs and to measure the particle size. XRD patterns were reported from an
investigated powder sample using Panalytical X'Pert Pro Multipurpose Diffractometer
(MPD) with Cu-K, X-ray radiation, which has a characteristic wavelength (A) of 0.15418
nm. X-rays were produced from a Cu anode provided with a current of 40 mA and 40
kV. A scanning rate of 0.033 s was used to report the pattern in the 26 range of 20°-
120°. The sample was prepared by placing 200 mg of the powder on a single crystal
silicon wafer, the surface of the powder was levelled to the required height using a

glass slide and then scanned. The results of XRD can be seen in chapter 3.
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Figure 2.10: XRD instrument at Newcastle University.

2.3.6 X-ray photoemission spectroscopy (XPS)

XPS is a quantitative and qualitative technique which mainly used for surface
characterization.”® The elemental composition for all the elements can be observed by
using XPS technique except for H and He. The molecular environment also can be
determined such as the oxidation state of the materials and the existing of saturated

and unsaturated transitions.%®

After the sample placed into a vacuum chamber, it is irradiated with X-ray
photons. Consequently, the emission of electrons (photoemission) is generated as a
result of the interaction between the surface atoms and the X-ray photons considering
that there is a total energy transfer from the photons to the electrons. Thus, the
number of these electrons that ejected from the top of 1 nm to 10 nm of the
investigated materials and their kinetic energy are analysed. The emitted electrons are
separated on the basis of their kinetic energy. The number of emitted electrons is
identifying the concentration of the emitting atoms that being irradiated on the
surface. The kinetic energy of emitted electrons from the surface is recorded. Thus,

their binding energy can be determined using Einstein equation 26,

BE = hv — KE — A¢ 2.4
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Where BE is the binding energy of the emitted electron (eV), hv is the photon energy
of X-ray being applied (eV), KE is the kinetic energy of the emitted electron which is

measured in the instrument (eV), A¢ is the spectrometer work function (eV).

Each element generates characteristic peak which has a specific value of the
binding energy. These different values of the binding energy correspond to different
elements that exist in or on the surface of the materials which have been irradiated.
Thus, XPS can be utilized for elemental determination. Furthermore, the XPS peaks
may be assigned to the electron configuration of the electrons in the atoms such as 1s,
2s, 2p etc.’® It also should be noted that the number of recorded electrons for each
XPS peak depend on the amount of elements which have been irradiated in the

sample.

The general set up of XPS consist of ultrahigh vacuum chamber (UHV) , an X-ray
source, an electron energy analyser and a detector.®® A UHV chamber is used to
maintain the chemical composition of the investigated sample during all the XPS
experiments. The next reason to use UHV chamber is to prevent the collisions between
the gas and the emitted electrons. X-ray source component also needs the UHV in
order to stay working through the experiments. The pressure which used in the UHV

chamber is order of 2 X 10™° mbar.2®

To generate X-ray beam, an energetic electron beam is directed to target
materials i.e. Mg and Al, and these elements produce X-rays energy of 1253.6 eV and
1486.6 eV respectively. This high energy is enough to reach and eject the electrons
from core levels. A concentric hemispherical analyser (CHA) is used to measure the
energy of the emitted electrons. The CHA considered as the most popular energy
analyser that used in XPS instrument.?® This energy analyser contains inner hemisphere
(with radius R1) and outer hemisphere (with radius R2). These two hemispheres are
located concentrically as shown in figure 2.11.% The slit S allows the electron which
has specific kinetic energy (KE) to enter through it. This electron then move across
the median equipotential surface in trajectory and subsequently this electron will be
reached the exit (slit F) as shown in figure 2.11. Regarding to this process, different
electron with different values of KE will travel through the analyser after entering the

slit S. it also should be noted that as the KE will be different for each electron,
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different trajectory have been followed by these electrons. Consequently, these
electrons cannot be focused to find a way out over the slit F. in order to figure out this
issue, the potential V; and V, must be changed. Then the electrons with different

kinetic energy are capable to select when they pass through the energy analyser.

Handbooks can be used to determine the chemical composition of the
investigated sample by their binding energy values.?® As the chemical environments
affect the binding energy, there are chemical shifts that are noticed in the XPS
spectrum,26 where especially, the oxidation states of the atoms affects the binding
energy. This can be understood from the following example; the binding energy of
electrons in C atoms will be larger when they are bonded to an electronegative atoms
such as 0.%° As the more O atoms are bonded to carbon atom, the binding energy of
the carbon will increase as a result of increasing the positive charge on the carbon.
Furthermore, the binding energy also affects by the final state effects of the electrons.
Relaxation, spin orbital splitting and shake up satellites are three types of the final
state effects of the electron. The first process is generated through the photoemission.
When the electron ejects from the core level, another electron will fill the core hole to
minimize the energy of the ionized atom. This will produce a new core hole by
rearrangement of the electron. Thus, this energy which requires rearranging the
electron is named as relaxation energy. This relaxation energy is the reason of
decreasing the binding energy of the elements. It also should be noted that the
chemical composition will affect the relaxation energy. As the relaxation energy
depends on the both atoms that contain core hole and its surrounding atoms, the
binding energy then will be changed. For example, the binding energy of cobalt
element 2ps), is different when the binding energy measured in different other states
of Co: Co** (780.5 eV) > Co>" (779.6 eV) > Co® (778.2 eV).? The spin orbital splitting
and shake up satellites considered to be other aspects that affect the final states of the
electron and thus affect the binding energy.?® The spin orbital splitting in the final state
( after removal electron from the initial state) cause the electron energy spectrum (p,
d, f) to be observed in closely spaced doublet rather than a single peak. While, the
shakeup satellite occurs as a result of losing the photoelectron some of the kinetic
energy through the excitation approach from valence electron to unoccupied electron

i.e. T - T* transition.2®
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Figure 2.11: The schematic diagram of concentric hemispherical analyser (CHA)

adapted from Briggs and Seah.”’

The XPS spectrum is a plot of the intensity of the emitted electrons (counts per
second) versus their binding energy (eV).?° Each peak in an XPS spectrum might have
several sub peaks and these may relate to the chemical oxidation states of the
elements or final state effects.?® This gives rises to attempt to fit the peak in order to
increase the information obtained from the XPS spectrum. Different parameters are
used to fit the curve, including peak position, secondary electron, peak height, peak
width, background and line shapes such as Gaussian and Lorenzian. However, all these

are constrained by chemical/physical principles.

In this project, X-ray photoelectron spectra measurements were used to
characterize the chemical composition of alkyl SiINCs and their mixture with erbium
ions and commercial SiNCs. All XPS measurements were carried out at Newcastle
University, United Kingdom using (Kratos Axis Ultra 165 spectrometer) with a
monochromatic Al K, X-ray source (photon energy= 1486.6 eV). The pass energy was
set at 20.0 eV for individual peaks region includes O1s, C1s, Si2p etc. and 80.0 eV for
the survey spectrum. A thick film of the sample was prepared by a drop cast technique
on a gold substrate using a micropipette (Eppendorf) and left overnight to dry in air at

room temperature.
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Peak fitting to XPS spectra was carried out using Winspec© software.”® The
binding energy scale of the spectra was calibrated with reference to the Au 4f;/, at
84.0 eV.*® The background was modelled by a Shirley background®! and the peaks then
were fitted using a mixed singlet function and mixed doublet as required. The results
of XPS of alkyl SiNCs and their mixtures with erbium ion and Intrinsiq Ltd commercial

SiNCs can be seen in chapter 3.
2.3.7 Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy is a measurement technique that is used to identify the
functional groups in molecules and material via their characteristic vibration
frequencies. This instrument works on the basis of absorption of IR light. Infrared light
has the appropriate frequency to interact with vibrations of chemical bonds.? As each
molecule has different functional groups, a particular wavenumber of the infrared
beam is absorbed by the molecule. Thus, the FTIR spectrum was be considered a
fingerprint of the sample. Many types of vibration modes i.e. stretching and bending
vibrations are observed in FTIR spectrum.?® The stretching and the bending vibration
modes involve a change in the bond length and the bond angle respectively. It also
should be noted that the stretching vibration modes are classified as symmetric or
asymmetric depend on the structure of the investigated sample and the symmetry of
the vibration. While the bending vibration modes are categorised as scissoring,

rocking, wagging or twisting based on the angle of molecular movement.

An FTIR instrument consists of an IR source, an interferometer, the sample
holder and the detector.* Figure 2.12 shows the general set up of FTIR instrument.*®
However, the Michelson interferometer is the operator of FTIR instrument. It can be
seen that the Michelson interferometer consists of the beam splitter, moving and fixed
mirrors. When the infrared light hits the beam splitter, the IR light divided into two
beams. One beam falls on a fixed mirror and the second beam travels to a moving
mirror. The distance between a beam splitter and moving mirror could be measured
precisely using a laser. The beams are then reflected back to the beam splitter after
reflection in these two mirrors. Thus, both of the beams are recombined together
before passing into the investigated sample and measured by the detector. As the

distance varies between the beam splitter and the moving mirror, the distances that
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travelled by the two beams before interference are changed. Depending on the
position of the moving mirror, the same phase of two beams can be recombined to
produce constructive interference (a maximum intensity) whilst the others does not
have the same phase in order to produce destructive interference (a minimum
intensity). This recombined beam is transmitted to the investigated sample. The
resulting signal is then measured and plotted with the location of the moving mirror as
an interferogram. The software working with a Fourier transform (FT) algorithm alters

the interferogram to a spectrum in which the intensity (the absorbance or %

transmittance) is plotted versus the wavenumber.

As motioned previously, the sample tends to absorb specific wavenumbers of
light. Consequently, the detector converts the infrared intensities into signals in order
to produce FTIR spectrum. Deuterated triglycine sulphate (DTGS) is typically utilized as
a detector due to its high sensitivity in the infrared region that ranges from around 400

- 4000 cm™,

Practically, the background spectrum has been obtained first by measuring the
interferogram without the investigated sample. The interferogram is then measured
with the examined sample. After subtracting the background spectrum, the final

spectrum of the sample is then observed.

Fixed mirror
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Moving mirror
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Figure 2.12: A diagram showing the general set up of FTIR instrument adapted from

Long et al®
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In this project, FTIR spectroscopy is used to analyse the chemical composition of
C11-SiNCs that contain erbium ions and commercial SiNCs. FTIR measurements were
carried out at Newcastle University, United Kingdom using a Varian 800 Scimitar Series
FTIR over the range of 700 - 4000 cm™. A thick film of the C;1-SiNCs that contain
erbium ions was prepared by a drop cast method on silicon substrate using a
micropipette (Eppendorf) and left overnight to dry in air at room temperature while

the commercial SiNCs was used as a solid. The results of FTIR can be seen in chapter 3.
2.3.8 UV-Vis spectroscopy (UV-Vis)

UV-Vis spectroscopy is an analytical technique that commonly used to
interrogate the absorption bands of different species.>® Qualitative and quantitative
analysis can be obtained from UV-Vis equipment because each molecule absorbs
particular wavelength and the absorbance intensity depend upon the concentration of
the molecules. In UV-Vis range also, the metal nanoparticles such as gold and silver
show absorption peaks related to their surface plasmon resonances.>® Furthermore,
the absorption bands may be used to interpret different aspects such as size

distribution and the chemical environment of metallic nanoparticles.35

There are two wavelength regions in UV-Vis spectroscopy; ultraviolet (UV) and
visible light (blue to red). UV light has a wavelength range from 10 nm to 400 nm.
While the visible light ranges from 400-750 nm. A deuterium arc lamp and tungsten
lamp are utilized as an excitation source in the UV range and Vis range, respectively. It
also should be noted that in commercial UV-Vis spectrometers, UV light source begins
from 190-400 nm. A vacuum system and purging gas i.e. helium are used in UV-Vis
spectroscopy for a wavelength less than 200 nm. Thus, water vapour, oxygen and
other species in air cannot absorb the light and then the measurement in this low

wavelength will not change.

In UV-Vis spectroscopy, electrons in the molecules absorb the light and are
promoted to an excited state.*® In molecules, there are three main types of electrons:
(i) sigma electrons (o), (ii) pi electrons () and (iii) nonbonding electrons (n). These
three types of electrons are active during the electronic excitation in UV-Vis
absorption. The absorption of UV light with wavelength less than 200 nm can be
observed in electrons of o bonds. As mentioned previously, the commercial UV-Vis
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spectrometers do not usually provide wavelengths less than 190 nm. Thus, saturated
compounds which absorb only wavelengths less than 200 nm such as alkanes are used
as a transparent solvent. However, electrons in both m bonds and nonbonding
electrons are excited by UV light with a wavelength larger than 200 nm and possibly

also visible light.

UV/Vis spectroscopy can be applied to non-molecular samples but the nature of
the excited state may be very different. The localized surface plasmon resonance (LSP)
effect occurs when metal nanoparticles such as gold nanoparticles and silver
nanoparticles are excited in the UV-Vis region. A collective electron oscillation which is
confined in metal nanoparticles is a definition of LSP.* In principle, the existence of
plenty of free electrons in the interface between two materials produces the surface
plasmon.36 Thus, one of the materials should be metal with a high density of free
electrons at their surface and the other may be a dielectric material or air.>’ The
excitation of localized surface plasmon resonance occurs when metallic nanoparticles
are irradiated with the light (an electric field) at the resonant frequency. This process
generates intense absorption bands and these bands are specific for each type of
material and also depend on the shape. For instance, two absorption peaks of plasmon
resonance of gold nanorods appear at two different wavelengths.*® The peak at low
wavelength is attributed to the length of nanorods. While the second peak at high

wavelength assigned to electron oscillation across the diameter.

The commercial UV-Vis spectrometers consist of a deuterium arc lamp as an
excitation source in the UV range while the xenon arc lamp is used as a visible lamp,
wavelength selector (monochromator), sample holder (cuvette), detectors i.e.
photomultiplier tubes (PMT) and data output device (computer).®® As the sample
which located in cuvette cell absorbs the particular wavelength, the intensity of beam
decreases. UV-Vis spectrum generated as a result of plotting the absorbance as a
function of the wavelength. It is important to define the transmittance and the
absorbance for the quantitative analysis. It is known that, the intensity of the light
decreases after the light passes over the sample that absorbs a specific wavelength.

The following equation is used to define the transmittance ( T) of the light**:
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T = — 2.5

Where T is transmittance, I is defined as the light intensity after passing through the
sample and I is the light intensity before passing the sample. As the ratio of I / I, has
not change even if [, alters, the transmittance (T) maintain constant. Thus, the

absorbance (4) equation given as™:
A= log%"zlog%z —log T 2.6

In this project, UV-Vis spectroscopy is used in order to measure the optical
characterizations of the samples i.e. C11-SiNCs, commercial SiNCs, their mixtures with
erbium ions and ErCl; solution (4 mM). It is utilised also to measure the surface
plasmon resonance of synthesised AgNPs (i.e. 1 mM and 10 mM) and their mixtures
with SiNCs. The UV-Vis analysis is carried out using UV-Vis spectroscopy (Varian, Cary
100 BIO) at Newcastle University, United Kingdom of the wavelength range between
200 to 800 nm using quartz cuvette of 1 cm path length. This instrument can be seen in
figure 2.13. This measurement was carried out at room temperature. The sample was
prepared by adding 4 mL of the investigated sample that dissolved in deionized water
(i.e. C11-SiNCs, commercial SiNCs and their mixtures with erbium trichloride) in the
quartz cuvette. The mixtures of SiNCs with metal nanoparticles were prepared by
mixing 2 mL of AgNPs with 2 mL of SiNCs in a vial. All of the solution was dissolved in
deionized water. The mixture was then sonicated for 10 minutes (Hilsonic). 4 mL of the
mixture was added to the quartz cuvette. The results of UV-Vis spectroscopy can be

seen in chapter 3 and chapter 4.
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Figure 2.13: The UV-Vis spectroscopy at Newcastle University.

2.3.9 Raman spectroscopy

The complementary technique to FTIR spectroscopy is Raman spectroscopy,
because this technique is also sensitive to the vibrational modes of the samples.*
Raman spectroscopy is commonly used to characterize the chemical composition,

crystallographic phase and the functional groups of the samples.

The principle of Raman spectroscopy is dependent on the interaction between
the incident monochromatic light and the vibrational states of the samples.*
Consequently, the light is scattered inelastically from the sample. The energy of the
scattered light could be decrease or increase in the wavelength compared to the
wavelength of the incident beam. This is therefore known as Raman shift. Raman shift

is defined as the difference in wavenumber between incident and scattered light.

Stokes Raman scattering, anti-Stokes Raman scattering and Rayleigh scattering
are three forms of light scattering. Stokes Raman scattering and anti-Stokes Raman
scattering can be obtained when the energy of the scattered light shifts to higher and
smaller wavelength than that of the incident beam. Rayleigh scattering occurs when
there is no change in energy between the irradiated and scattered light. It also should
be noted that the anti-Stokes Raman shift is not often utilized because the spectral

features are less intense by a factor related to Boltzmann distribution.*
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As Stokes scattered radiation is weak, a laser source is usually used. The laser
source may be ultraviolet, visible or near infrared Iight.41 The wavelength of the
incident beam affects the intensity of Raman scattering of the investigated sample;

there is inverse 4th power dependence (\'*).

The intensity of Raman scattered radiation can be enhanced using rough surfaces
and metal particles, for instance silver and gold.*” This technique is known as surface
enhanced Raman spectroscopy (SERS). However, there is a debate between the
researchers about the theories behind the Raman scattering enhancement.***® There
are two effects that play role on the enhancement of Raman scattering i.e. the
chemical enhancement and electromagnetic enhancement.”® The chemical
enhancement occurs as a result of the interaction of the molecule with the metal
surface, which changes the molecular electronic structure in a way that increases the
Raman scattering. While the electromagnetic enhancement is a result of the
interaction of light with the surface plasmon increases, which the electric field near the
metal and this increases the Raman scattering. Thus, it is suggested that the chemical
composition of the sample surface and the electromagnetic field intensity near metal
surface are both able to enhance the Raman scattering. Recently, the consensus has
arisen that the electromagnetic effect is the major part of the enhancement
process.45' % Maitani et al ** suggests that the electromagnetic effect enhances the

Raman signal above 100 times compared to the chemical effect .

The general set up of Raman spectroscopy is a laser source, microscope objective
lens, a spectrophotometer and a detector as presented in figure 2.14.% To irradiate
the sample, the laser source is used (typically ultraviolet, visible or near infrared). The
microscope objective lens is used to focus the beam to the sample and to collect the
scattered beam. Furthermore, the detectors are used to generate spectrographs by
converting the optical signals to electrical signals. As a charge-coupled device (CDD)
has low noise and high sensitivity, it is commonly used as detectors in Raman
spectroscopy. The Raman spectrum is denoted as a plot of the scattered light intensity

(counts per second) as a function of Raman shift (cm™).
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Figure 2.14: A graph showing the general set up of Raman spectroscopy adapted from

Stiles et al.*’

In this project, two types of Raman instruments were used: (i) a confocal
microscope (WiTec Confocal Raman Microscope model CRM200, Ulm, Germany) at
School of Chemistry at Newcastle University, United Kingdom as presented in figure
2.15 (ii) a Lab RAM HR800-9CCD at School of Electrical and Electronic Engineering at
Newcastle University, United Kingdom as presented in figure 2.16. The confocal Raman
microscope is used to capture Raman spectra and luminescence images of the
following samples: C;13-SiNCs, commercial SiNCs and their mixtures with erbium ions
(Er/SiNCs) and their mixtures with synthesised silver nanoparticles (AgNPs/SiNCs), ErClz
(4 mM) and AgNPs (1 mM). Whereas the Lab RAM is utilized to capture Raman spectra
of commercial SiNCs and their mixtures with prepared AgNPs (AgNPs/Commercial
SiNCs). The former instrument has a high intensity an Argon lon laser (Melles-Griot)
with output power 35 mW at a wavelength of 488 nm was utilized as the excitation
source. The collected light was analysed by a spectrograph equipped with a CCD
detector; a grating of 150 lines mm™ was chosen in order to capture the full spectrum
including all Raman and luminescence bands of interest. The scan size of all the
experiments was 50 x 50 um in 100 lines at 100 pixels per line with an integration time
of 0.1 s/pixel. While the latter has Symphony Jobin Yvon detector and labspee 5.01
software with the 514.5 nm line from an Ar ion laser. A 100X objective lens with a
numerical aperture of about 0.9 was used. Raman spectra were collected with low
laser beam power at <10 mW in order to prevent destruction of the investigated
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samples. It also should be noted that the WiTec instrument has better sensitivity and
therefore it is faster while the Lab RAM has better resolution thus, it can detect small

shifts in wavenumber.

Figure 2.15: Confocal Raman spectroscopy at School of Chemistry at Newcastle

University. The excitation source = 488 nm.

Figure 2.16: Raman spectroscopy at School of Electrical and Electronic Engineering at

Newcastle University. The excitation source = 514.5 nm.

The samples for Raman spectroscopy were prepared by drop-coating 100 pL of
alkylated SiNCs and commercial SiNCs suspension on a glass slide coverslip using a

micropipette (Eppendorf). The samples were air dried over night at room temperature
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and kept in sealed Petri-dishes to avoid contamination. Silver nanoparticles were
mixed with SiNCs in order to enable surface enhanced Raman spectroscopy (SERS).
These mixtures were prepared by mixing 100 pL of AgNPs solution with 100 uL of SiNCs
suspension in centrifuge tube (1.5 mL, Eppendorf). The mixture was then sonicated for
10 minutes (Hilsonic). Then using a micropipette (Eppendorf), 100 uL of the mixture
was then drop-coated on a glass slide coverslip. The samples were air dried overnight

and kept in sealed Petri-dishes until further analysis.

Repeats were performed by moving the microscope onto another area of the
samples. The main reason of repetition in this experiment is to cover more of the
investigated sample because confocal Raman spectroscopy observes a small area of
the sample (~ 300 nm dia.) which may not be representative of the whole sample.
While Lab RAM instrument focused on 1 um diameter of the sample. However,

collected Raman spectra of the investigated samples can be seen in chapter 4.
2.3.10 Photoluminescence spectroscopy (PL)

The PL technique is commonly applied to measure the band gaps of solids and to
investigate defects or impurities in the samples.*® Generally, the luminescence process

%9 Furthermore, there are different types of the

is the opposite to absorption.
luminescence depending on the excitation source as listed in table 2.1.*> When the
light is used as an excitation source and photons are emitted from the sample this is

known as photoluminescence.

In PL, the material absorbs photons from the light excitation source. The valence
electrons are excited from the ground state to an excited state in the conduction band.
A relaxation process subsequently occurs when the electron returns back to the
ground state with emission of photons. There may also be vibrational relaxation,
leading to a Stokes shift with respect to the absorbed light. Thus, each material has
characteristic luminescence bands that are assigned to the band gap defects or

impurities of the investigated sample.*®

Basically, the photoluminescence mechanism can be interpreted via three steps:
absorption, vibrational relaxation and radiative recombination.”® The features of this

mechanism can be shown in figure 2.17.”® In the first step, the valence electron is
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excited to the excited state and this absorption process produces an electron-hole
pair. In the next step, the electron relaxes to the bottom of the conduction band as
they lose their excess energy to vibrational modes of the lattice. In the radiative
recombination, the electron returns to the ground state by emitting a photon. It also
should be noted that this energy which have been emitted has a lower energy than

that of the excitation source (Stokes shift).

Types of Luminescence Excitation Source

Photoluminescence Light

Cathodoluminescence Electrons

Thermoluminescence Heating

Electroluminescence Current or electric field

Chemiluminescence Energy from chemical reaction

Bioluminescence Energy from chemical reaction inside an organism

Table 2.1: Different types of luminescence adapted from Solé et al.*®

| — .
Excited State L_l Conduction
- Band
E d C
NNANS AVAYAYAS
Excitation Luminescent Photon

L 4
Ground State 000000 Yalence
0-0-0-0-00-0-00— Band

Figure 2.17: A diagram showing the PL mechanism: (a) Absorption. (b) Vibrational

relaxation. (c) Radiative recombination. Adapted from Aoki.*®
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The general set up of a PL instrument consists of a light source, monochromator
(wavelength selector), sample container, detectors and data output devices.*”® A Xe arc
lamp is used as an excitation source which provides intense visible light. There are two
monochromator; one is between the excitation source and the investigated sample
while the second one is between the sample and the detector. They are assigned to an
excitation spectrum and to the emission spectrum of the sample, respectively. Thus,
the wavelength of the light source in the excitation spectrum remains constant via the
monochromator. While the specific wavelength of the light that emitted from the
investigated sample is measured in the emission spectrum. A charge coupled devices
(CCD) detector or photomultiplier tube (PMT) are then used to detect the photon

emission.

In this project, the photoluminescence properties of Ci;- SiNCs, commercial
SiNCs and their mixtures with erbium trichloride was carried out in Manchester
University, United Kingdom using Fluorolog and cooled InGaAs by Horiba Jobyn Yvon.
PL measurements were performed on a thin film of the sample which prepared by the
following method. The investigated samples that dispersed in deionized water i.e. Cy3-
SiNCs, commercial SiNCs, Er/Cy;-SiNCs and Er/commercial SiNCs were prepared by
drop-coating 100 pL of each sample on a glass slide coverslip using a micropipette
(Eppendorf). The samples were air dried over night at room temperature and kept in

sealed Petri-dishes until further analysis.

Also, the WiTec (Confocal Raman Microscope model CRM200, Ulm, Germany) at
School of Chemistry at Newcastle University, United Kingdom as presented in figure
2.15 was used also to report the temporal and spectral dependence of the intensity of
photoluminescence emitted by the investigated samples under continues wave (CW)
laser irradiation. An argon ion laser (Melles-Griot) with output power 35 mW at a
wavelength of 488 nm was used as the excitation source. Emitted light was
transmitted through a Raman edge filter to attenuate the elastically scattered
component and collected by a multimode optical fiber which also served as the
confocal pinhole. The light was then dispersed on a grating (150 lines mm™) and
detected using a Peltier-cooled CCD camera. The intensity reported is the integral of
the spectrum over the range of wavenumbers from 200 and 7000 cm™ with respect to

the excitation light. Spectra were collected very second upon opening the laser shutter
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and recorded for periods up to 5 min. The photofading curves are plots of the integral
of the spectrum against recording time. Replicate measurements were performed by
moving the microscope onto another area of the sample in order to collect a

representative dataset.

The samples were prepared by drop-cast 100 pL of alkylated SiNCs and
commercial SiNCs onto glass coverslip from THF solution and deionised water,
respectively using a micropipette (Eppendorf). The samples were air dried over night at
room temperature and kept in sealed Petri-dishes to avoid contamination. Glass
coverslips were chosen because they were observed to have no luminescence

background and only very weak, broad Raman features themselves.

Mixtures of SiNCs and the respective additives (AgNPs 1 mM, AgNPs 10 mM,
AuNPs 0.41 mM, FeCyoHi9 1 mM and FeCl; 1 mM) was prepared by adding 100 uL of
SiNCs suspension to 100 uL of the additive solution in centrifuge tube (1.5 mL,
Eppendorf). The mixture was then sonicated for 10 minutes (Hilsonic). Then using a
micropipette (Eppendorf), 100 uL of the mixture was then drop-coated on a glass slide
coverslip. The samples were air dried overnight and kept in sealed Petri-dishes until
further analysis. The coverslip is then placed under the microscope for the
photoluminescence measurements. The recording of spectra was started at the same
time the laser was switched on and the computer recorded spectra every 1.0 second.
All the PL measurements were carried out at room temperature. The results of PL
characterization and luminescence decay curves are presented in chapter 4 and

chapter 5.
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Chapter 3

Structural and Chemical Characterization of Silicon
Nanocrystals (SiNCs) and Silver Nanoparticles (AgNPs)

In this chapter, the properties of synthesised alkylated silicon nanocrystals (Cy1-
SiNCs) are presented, which include a brief review of the properties of synthesised C;1-
SiNCs and the chemical characterization of C;;-SiNCs using X- ray photoemission
spectroscopy (XPS). The chemical composition of erbium mixed alkylated silicon
nanocrystals (Er/C;1-SiNCs) is also determined by XPS and Fourier transform infrared
spectroscopy (FTIR) measurements. Crystal structure and size distribution of Intrinsiq
Ltd commercial silicon nanocrystals (SiNCs) are obtained by scanning electron
microscopy (SEM), transmission electron microscopy (TEM), high resolution
transmission electron microscopy (HRTEM), atomic force microscopy (AFM) and X -ray
diffraction (XRD). The chemical characterization of commercial SiNCs is performed also
using XPS and FTIR measurements. The structural and chemical characteristics of

synthesised silver nanoparticles (AgNPs) are also presented.
3.1 Characterization of synthesised alkylated silicon nanocrystals (C;1-SiNCs)

In this section, a review of the properties of Cy;-SiNCs that were used in the
experiments is presented. The chemical composition of C;;-SiNCs is obtained also using
XPS and FTIR techniques. Alkylated SiNCs prepared by a modification method from Lie
et al* as in Chao et al.’> The size, structure and composition of alkylated silicon
nanocrystals have been well investigated by our group (Nanoscale Science and
Nanotechnology Research Group, Newcastle University, United Kingdom).>* Thus, the
properties of Cy;-SiNCs which utilized in this project are shortly reviewed in this
section. Porous silicon was formed by etching silicon wafer. C;1-SiNCs were then

extracted from the porous silicon by thermal hydrosilation reaction.

After etching process, a light orange colour was seen on the surface of the
porous silicon chips as shown in figure 2.2a (Chapter 2, section 2.2.1). The colour of
porous silicon is dependent on the current density which is applied. Therefore, the

colour of the porous silicon varies from red to orange as the current density is
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increased.! The dry porous silicon chips also luminesced orange under ultraviolet (UV)
light (A = 365 nm). Alkylated silicon nanocrystals are obtained by refluxing the porous
silicon chips in dry toluene with 0.1 M 1-undecene. Under the UV lamp (A = 365 nm) an
orange colour luminescence is emitted by the resulting suspension. Under reduced
pressure, the solvent was removed and a waxy pale yellow product is observed. This
remaining product is alkylated silicon nanocrystals whose surface is covered with a
monolayer of Si-C bonded alkyl species produced by a thermal hydrosilation reaction.
Alkylated silicon nanocrystals were then dissolved in dichloromethane (DCM) to
present a luminescent orange colour under UV lamp (A = 365 nm) as shown in figure
2.2b (Chapter 2, section 2.2.1). DCM was chosen as a solvent because the evaporation

process of DCM (313 K) is easier than toluene (383 K).

Chao et al? reported that these alkylated silicon nanocrystals which refluxed in
toluene solution in presence of 1-undecene have a diameter of 2.5 nm, which
associate to the silicon core of the nanoparticles. Using fluorescence spectroscopy,
alkylated silicon nanocrystals in trichloromethane present one emission peak at 670
nm using different excitation sources i.e. 280 nm, 330 nm, 350 nm and 370 nm.! This
orange luminescence peak is typical for alkylated silicon nanocrystals and was assigned
to the excitation of un-oxidized silicon atoms.> ® X- ray diffraction shows that the
alkylated silicon nanoparticles have a crystalline silicon core with a particle diameter of
2.5 nm as shown in figure 3.1.> XPS and FTIR measurements indicate that the particles
consist of a Si core with a sub-monolayer amount of oxide and a capping alkyl
monolayer. Figure 3.2 presents the FTIR spectra of 1-undecene and undecenyl SiNCs
which deposited on a single crystalline Si wafer.! It can be seen that the two infrared
peaks of alkylated silicon nanocrystals at 800 and 1259 cm™ are attributed to minority
silanol sites and Si-CH,-R deformation, respectively.1 As a result of gradual oxidation of
alkylated silicon nanocrystals, two broad IR peaks appeared. The former peak at
around 700-900 cm™ region assigned to the bending vibration mode of SiO. The
second IR peak at 1050 cm™ is assigned to symmetric and antisymmetric stretching
mode of Si-O-Si. The terminal CH; stretching mode is at around 2956 cm™ and the
methylene C-H stretching modes appear at 2854 cm™ and 2926 cm™. These peaks
emphasize the presence of long alkyl chains in the alkylated silicon nanocrystals. This

long alkyl monolayer is bonded to the silicon core by covalent Si-C bonds not by the
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oxide. Thus, the alkyl monolayer is chemically robust and stable against the oxidation

and hydrolysis except under intense X- ray irradiation.> ®®
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Figure 3.1: X- ray diffraction pattern of alkylated SiNCs. The peaks are attributed to the
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Figure 3.2: FTIR spectra of (a) 1-undecene on a single crystalline Si wafer (b) the

undecenyl capped SiNCs dried on a single crystal Si wafer."

In this work, X- ray photoemission spectroscopy (XPS) is used to determine the

chemical composition of synthesised C;1-SiNCs. XPS measurement was carried out at
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Newcastle University using (Kratos Axis Ultra 165 spectrometer) with monochromatic
excitation photon energy of Al K, at 1486.6 eV. In addition, the experimental details of

this procedure are given in chapter 2. section 2.3.6.

Figure 3.3a shows the Si2p spectrum of C;1-SiNCs suspension in deionized water
dried on gold substrate. The Si2p peak has been fitted with a mixed doublet. This
figure presents a peak at a binding energy of 101.2 eV. This binding energy of Si2p at
101.2 eV is consistent for alkylated SiNCs.? This peak assigned to a multicomponent
peak that contain different species i.e. bulk silicon, Si-C and Si-H.? The second peak at
101.8 eV is attributed to Si-O. As discussed previously, the IR spectrum of the Cy;-
SiNCs' confirms the presence of Si-C and Si-O (see figure 3.2). The Si2p spectra of
alkylated SiNCs in this figure is similar to that observed by Chao et al.” * They
determined a peak for alkylated silicon nanocrystals at 101.6 eV. Obviously, the
difference between these two binding energies is 0.2 eV. This difference in the binding
energy values are predictable because the thickness of the C;;-SiNCs film change in
every deposition, thus would impact the degree of charging in the film. The charge
effect arises from the long alkyl chain that passivates the surface of SiNCs. Also, the
charge effect would likely to be due to the agglomeration of SiNCs as clusters rather

than diffuse as individual particles as observed by Chao et al.”>

Figure 3.3b shows the O1s core level of C;;-SiNCs dried on gold substrate. This
peak has been fitted using a mixed singlet. The binding energy at 532.0 eV and 532.6

eV are assigned to Si-O and Si-O,, respectively.'

Figure 3.3c shows the Cls core line of alkyl capped SiNCs. The peak has been
fitted with mixed singlet. This peak at 284.6 eV and 284.8 eV are attributed to

adventitious carbon and Si-C, respectively.9

Figure 3.3d presents a survey spectrum of alkylated silicon nanocrystals. The core
lines i.e. Si2p, Si2s, C1s and Ols are clearly visible in the survey spectrum which
appears at 101.4 eV, 150.0 eV, 284.6 eV and 532.0 eV, respectively. Thus, in the film of
the investigated sample silicon, carbon and oxygen are present. Some hydrogen atoms
may be there in the film but X- ray photoemission spectroscopy cannot detect them.?
This survey spectrum confirmed also the previous study of IR spectroscopy’ which
exhibits the existence of Si-C and Si-O bonds (see figure 3.2). The Si-C bonds are
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anchoring the alkyl chains to dots by covalent bonds while the Si-O bonds arise from
the oxidation of unalkyalted Si-H.! Altogether, the data suggest that the alkyl chains

and sub oxides are present on the surface of silicon nanocrystals.
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Figure 3.3: XPS spectra of C;;-SiNCs sample deposit on a gold substrate showing, (a)

Si2p, (b) O1s (c) C1s and (d) survey scan.

3.2 Chemical characterization of erbium mixed alkylated silicon nanocrystals (Er/C;1-
SiNCs), measured by Fourier transform infrared spectroscopy (FTIR) and X- ray

photoemission spectroscopy (XPS)

In this section, the surface chemical composition of Er/C;;-SiNCs is investigated
using two techniques i.e. FTIR and XPS in order to study the effect of erbium (lll) on
alkylated silicon nanocrystals. The setup of these two experiments is explained in more

details in (Chapter 2, section 2.3.7 and 2.3.6), respectively.
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Figure 3.4 presents the FTIR spectrum of Er/C11-SiNCs. It can be seen that there
are several IR bands of erbium mixed alkylated silicon nanocrystals sample. The IR peak
at 2954 cm™ corresponds to CHs stretching mode. The IR peaks that appear at 2921
cm™ and 2854 cm™ are assigned to the methylene C-H asymmetric and symmetric
stretching mode, respectively.! These three IR bands at 2954 cm™, 2921 cm™ and 2854
cm™ prove that the long alkyl chains are present in the film of Er/C;;-SiNCs. The band
at 1459 cm™ corresponds to Si-C bending mode.” ! The two IR bands at 1259 cm™ and

1220 cm™ are corresponding to Si-CH,-R bending mode.” 1

Broad IR peak occurs at
1053 cm™ as a result of gradual oxidation of the investigated sample which correspond
to Si-O-Si symmetric and asymmetric stretching modes. In addition, SiO bending
vibration modes appear at the region 700 — 900 em™! The IR peaks at 800 ecm™ and
615 cm™ are attributed to silanol sites and unalkyalted Si-H bending vibration mode,

respectively.1

The FTIR spectrum of Er/C11-SiNCs in figure 3.4 is similar to that observed by Lie
et al.! There is no considerable change in the vibration modes of Er/C1;-SiNCs when
compared with that of C;;-SiNCs as presented in Table 3.1. Thus, these data suggest
that the erbium ions (Er’*) do not have effect on the surface of alkylated SiNCs.
However, there is no peak determined for erbium trichloride by FTIR spectrum as the
erbium does not vibrate in IR range.13 Thus, XPS is used to determine the surface

chemical composition of Er/Cy1-SiNCs.
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C11-SiNCs | Er/C4;-SiNCs
Functional group | Vibration modes
(em™) (em™)
CHs Stretching 2956 2954
CH Stretching 2926 2921
CH Stretching 2854 2854
SiC Bending 1459 1459
SiCH,R Bending 1259 1259 & 1220
SiOSi Stretching 1050 1053
Sio Bending 700-900 700-900
Si(CH5);0H Bending 800 800
SiH Bending 615 615

Table 3.1: IR vibrations bands that observed in FTIR spectra for pure C;;-SiNCs and
Er/Cll— SiNCs.
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Figure 3.4: FTIR spectrum of Er mixed C;;-SiNCs deposited on a single crystal silicon

wafer.
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Figure 3.5a presents the XPS spectrum of Si2p of Er/Cy1-SiNCs solution dried on
gold substrate. This spectrum is similar to that observed by Chao et al.? This peak
consists of broad peak with a tail to higher binding energy. This peak has been fitting
using mixed doublet. This spectrum is fitted with three peaks with binding energies of
98.6 eV, 102.4 eV and 106.6 eV. They are assigned to different species of Si that are
present in Er/C;1-SiNCs. The peak at 98.6 eV is assigned to Si.2° While the peak at 102.4

3, 14, 15

eV can be attribute to SiO,, SikC, and SiO,. Furthermore, the higher binding

energy component, at 106.6 eV can be associated to saturated peak of silicon i.e. Si0,.?

Figure 3.5b presents the O1s core level spectrum of Er/C;1-SiNCs. This spectrum
is fitted using mixed singlets into three components i.e. 530.8 eV, 532.6 eV and 533.4

eV. The binding energies at 530.8 eV assigned to Er,05.}*"®

The binding energy at
532.6 eV corresponds to SiyO, while the binding energy at 533.4 eV corresponds to

. 14, 15
SIOZ.

Figure 3.5c shows the XPS spectrum of Er4d for Er/C;1-SiNCs. This peak has also
been fitted used mixed doublet. The two peaks constitute a doublet with spin orbit
splitting of 2 eV that is consistent with Shen et al*® The binding energy at 168.4 eV and
170.4 eV of Er4d assigned to 4ds/, and 4ds/, of Er,05."°

Figure 3.5d presents the XPS spectrum of C1s for Er/C1:-SiNCs. The peak has also
been fitted using mixed singlets. This spectrum consist of three peaks i.e. 284.6 eV,
285.8 eV and 288.9 eV which they are correspond to adventitious carbon®’, C-C*® and

Si-C*?, respectively. The FTIR data confirm the presence of Si-C (see Table 3.1).

A survey spectrum of erbium mixed alkylated silicon nanocrystals is plotted in
figure 3.5e. The core lines of Si2p, Ols, Er4d, and Cls are visible and clear which
supports the FTIR study (see figure 3.4), that indicate the presence of both Si-O
(originate from the oxidation of unalkyalted Si-H) and Si-C (bonded the alkyl chains to
the dots). Thus, the XPS data confirm the presence of the components of Si-C and Si-O
in binding energy at 102.4 eV. In addition, the data in figure 3.5e show that the silicon

nanocrystals are surrounded with a combination of surface SiO,, Er,05 and alkyl chains.

Comparing the two investigated samples i.e. C1;-SiNCs and Er/C;1-SiNCs, it can be

seen that the core level Si2p for alkylated SiNCs shows two multicomponent peak (see
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figure 3.3a), while the core level Si2p for erbium mixed alkylated SiNCs presents three
peaks (see figure 3.5a). It can be explained as result of presence of erbium sesquioxide
on the surface of alkylated SiNCs which affect the oxidation states of SiNCs on the
surface. Figure 3.5c shows the core level Er4d for Er/C;1-SiNCs, which confirm that the
erbium trichloride hydrolysis to Er,0s3 when mixed with alkylated SiNCs. Meanwhile,
figure 3.5b presents O1s of Er/C;1-SiNCs that prove that Er,0s is present on the surface
of C11-SiNCs. This observation can be also interpreted as a result of exposing C1,-SiNCs
for oxygen and H,O for long times which increase the amount of SixO, species on the
C1:-SiNCs surface. These data suggest that the main effect of erbium ions (lll) is

affecting the oxidation states of alkylated SiNCs.
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Figure 3.5: XPS spectra of Er/C1:-SiNCs deposited on gold substrate showing (a) Si2p,

(b) O1s, (c) Er4d, (d) C1s and (e) survey scan.
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3.3 Characterization of commercial silicon nanocrystals (SiNCs)

In this section, the crystal structure and size distribution of commercial silicon
nanocrystals (SiNCs) are obtained by scanning electron microscopy (SEM), transmission
electron microscopy (TEM), high resolution transmission electron microscopy
(HRTEM), atomic force microscopy (AFM) and X -ray diffraction (XRD). The chemical
characterization of Intrinsiq Ltd SiNCs is carried out also using X- ray photoemission

spectroscopy (XPS) and Fourier transform infrared spectroscopy (FTIR) analysis.

3.3.1 Crystal planes and size distribution of commercial silicon nanocrystals (SiNCs),
measured by scanning electron microscopy (SEM), transmission electron microscopy
(TEM), high resolution transmission electron microscopy (HRTEM), atomic force

microscopy (AFM) and X -ray diffraction (XRD)

The commercial silicon nanocrystals were characterized using scanning electron
microscope (SEM), transmission electron microscopy (TEM), high resolution
transmission electron microscopy (HRTEM), atomic force microscopy (AFM) and X-ray
diffraction (XRD). The general setup of these experiments is explained in more details

in (Chapter 2, sections 2.3.1, 2.3.2, 2.3.3, 2.3.4 and 2.3.5), respectively.

Scanning electron microscope images were obtained to investigate the
morphology and size distribution of the commercial SiNCs. Figure 3.6 shows the SEM
images of commercial SiNCs dried on an aluminium support. From figure 3.6 a-b, it can
be revealed that the particles are spherical in shape and there are agglomerates of
SiNCs. Figure 3.6c shows the particle size distribution of the commercial SiNCs. It can
be noticed that there is a large size distribution in commercial SiNCs and the majority
of the size of these particles are in range between 20 - 90 nm. The average particle size

of commercial SiNCs is = 65 + 30 nm.*°

TEM images of commercial SiNCs dried on carbon copper grid are shown in
Figure 3.7. From TEM images (figure 3.7a), it can be seen that the commercial SiNCs
have a spherical morphology. There are agglomerates of commercial SiNCs as seen in
figure 3.7b. The particles size of commercial SiNCs are in range of 20 - 90 nm. In

general, the TEM results are in agreement with the SEM observations.*
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Figure 3.6: Scanning electron microscope images of commercial SiNCs dried on an
aluminium support present (a) agglomerated SiNCs. The scale bar = 200 nm. (b) larger
area indicating distribution of SiNCs. The scale bar = 2 um. (c) a histogram of the
particle size distribution obtained from 100 Si nanocrystals.?°
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Figure 3.7: TEM images of commercial SiNCs dried on carbon copper grid. (a) typical
spherical shape of SiNCs, (b) agglomerated SiNCs. The scale bar is 100 nm.

High resolution transmission electron microscopy was performed to determine
the crystallographic phase of commercial SiNCs. Figure 3.8 presents the HRTEM images
of commercial SiNCs dried on carbon copper grid. Figure 3.8a demonstrates that the
commercial SiNCs are crystalline. The calculations of Fast Fourier transform (FFT) on
the images of commercial SiNCs were carried out on different regions and showed the
presence of the (111) crystal plane (Figure 3.8a inset).? This diffraction spot that is
attributed to the (111) crystal plane corresponds to the face centred cubic (FCC)
structure of SiNCs.*! Agglomerates of SiNCs were detected in HRTEM image as shown

in figure 3.8b as observed also by SEM and TEM results.
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Figure 3.8: HRTEM images of commercial SiNCs dried on carbon copper grid showing
(a) agglomerated SiNCs (the inset shows the diffraction pattern of SiNCs), (b) more
agglomeration of SiNCs. The scale bar is 5 nm.?°
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The commercial SiNCs were also characterized by AFM to present more insight
into their size and size distributions. Figure 3.9 presents the tapping mode AFM image
and cross sections of different circles of commercial SINCs sample dried on a mica
substrate. AFM images of SiNCs indicate that the nanoparticles present as prolate
spheroid, which is likely, a result of particle-surface interactions and could be from the
tip which does not trace the topography completely. Figure 3.9a shows mainly single
SiNCs without any aggregations due to using the mica as a substrate which does not
allow SiNCs to move around and cluster into aggregates. The particle size of
commercial SiNCs is also determined using AFM (performed on different circles as
shown in figure 3.9). Figure 3.9b presents that the particles lie within the range of 20 -
90 nm.
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Figurer 3.9: a) Tapping mode AFM image of commercial SiNCs dried on mica substrate,
b) cross sections of five different circles of SiNCs. Scan size =1.2 um.
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X -ray diffraction is carried out also to detect the crystallographic phase of
commercial SiINCs and to determine the size of SiNCs. Figure 3.10 shows XRD pattern
of the commercial SiNCs. Figure 3.10 presents well defined sharp peaks which reveal
the high crystallinity of the commercial SiNCs. Thus, figure 3.10 exhibits the expected
peaks that correspond to crystalline silicon and the crystal lattice of commercial SiNCs
appears to exhibit ideal cubic symmetry. Table 3.2 presents the peak positions and
intensities of investigated commercial SiNCs sample and bulk Silicon. The peak
positions have been assigned by comparison of the spectrum with that of a bulk
crystalline Si.?* The feature at 26=28 degrees due to (111) planes has been fitted with
a pseudo-Voigt function as shown in figure 3.11. Using Debye Scherrer formula (2.3.
Chapter 2) and the peak width from the fit, the crystallite size D has been calculated.”
It is found that the commercial Si particle diameter is 40 nm for (111) pattern. The
value deduced from the feature at 47 and 56 degree were 43 and 44 nm, respectively
(see table 3.3). However, from the table 3.3, it can be seen that the size of commercial

SiNCs particles lie in the similar range as observed from SEM and TEM results.
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Figure 3.10: XRD pattern of commercial SiNCs. The peaks are attributed to the
indicated lattice planes for crystalline silicon.
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20 Si bulk

20 Commercial

Intensity (% max) : Si

Intensity (% max) :

standard SiNCs bulk standard®* Commercial SiNCs
28.443 28.47 100 100
47.304 47.16 55 52
56.122 >6.01 30 28
69.132 69.20 6 5
76.380 76.56 11 9
88.029 88.06 12 10
94,951 94.99 6 5
106.719 106.6 3 3
114.092 114.11 7 5

Table 3.2: XRD peak positions and intensities for the commercial SiNCs and bulk Si
standard.
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Figure 3.11: (111) peak of the XRD pattern for commercial SiNCs fitted to Pseudo-
Voigt after subtraction of a linear baseline.
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Diffraction 260 Commercial The particle size of commercial
pattern SiNCs SiNCs (nm)
(111) 28.47 40
(220) 47.16 43
(311) 56.01 a4

Table 3.3: XRD pattern and XRD positions and the particle diameter size of commercial
SiNCs using Debye Scherrer formula.

3.3.2 Chemical characterization of commercial silicon nanocrystals (SiNCs), measured
by Fourier transform infrared spectroscopy (FTIR) and X- ray photoemission
spectroscopy (XPS)

In this part, the surface chemical composition investigation of commercial SiNCs
is carried out by using FTIR and XPS. The experimental details can be shown in (Chapter

2, section 2.3.7 and 2.3.6), respectively.

An FTIR spectrum of the commercial SiNCs is presented in figure 3.12.%° The Si-H,
bending vibration mode of SiNCs is observed at 620 em™.® The peak at 860 cm™
attributed to bending vibration mode of Si-0.' The IR broad peak at 1080 cm™
correspond to stretching vibration mode of Si-O-Si.** %> The sharp peaks at 1379 cm™
and 1459 cm™ assigned to the bending vibration modes of C-H, in commercial
SiNCs. *2 The stretching vibration mode of C=0 appeared at 1700 cm™.?® The sharp IR
peaks observed at 2080 cm™ and 2250 cm™ correspond to stretching vibration modes
of Si-H and 0s-Si-H, respectively.’” It can be seen that there are three IR bands of
commercial SiNCs in the range 2854-2954 cm™. The peaks that appear at 2854 cm™
and 2921 cm™ are assigned to the methylene C-H symmetric and asymmetric

stretching mode, respectively.1 While the IR band at 2954 cm™ corresponds to CH3

stretching mode.!
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Figure 3.12: Fourier transform infrared spectrum of commercial SiNCs.%°

XPS spectra for commercial SiNCs suspension in deionized water were dried on
gold substrate are shown in figure 3.13.% Figure 3.13a shows the XPS spectra of Si2p
core level for the commercial SiNCs. This peak has been fitted using mixed doublet.
The peak at 101.8 eV can be assigned to the different species i.e. Si-Si, Si-H and Si-C,
thus this peak is a multicomponent peak.® In addition, the peak at 102.6 eV is
attributed to Si-O. As discussed previously, the IR spectrum of commercial SiNCs
indicates the presence of Si-H, Si-C and Si-O. It is should be noted that this peak in this
figure is similar to that reported by Chao et al®? They determined a peak for alkylated
silicon nanocrystals at 101.6 eV. Obviously, the difference between these two binding
energies is 1.7 eV. This difference in the binding energy values is large. This difference
can be explained as a result of using different methods in preparing Si nanocrystals.

Thus, it would impact the binding energy values of silicon.

Corresponding to those peaks a similar peaks at 531.1 eV and 531.7 eV is
observed in the O1s spectra (see figure 3.13b).% This peak has been fitted using mixed
singlet. Those peaks can be attributed to the presence of SiO, and SiO; in the film of

commercial SiNCs.2% %’

FTIR study of commercial silicon nanocrystals also confirms the
presence of SiO, in the sample (see figure 3.12). However, figure 3.13c presents a

survey spectrum of the commercial SiNCs sample. This figure indicates the presence of
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Au4f, Si2p, Si2s, O1s and Cls core lines which support the FTIR investigation and
appear at 84.0 eV, 102.0 eV, 150.0 eV, 531.6 eV and 284.6 eV, respectively.
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Figure 3.13: XPS spectra of commercial SiNCs deposited on gold substrate showing (a)

Si2p, (b) O1s and (c) survey scan.?
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3.4 Characterization of synthesised silver nanoparticles (AgNPs)

The properties of synthesised silver nanoparticles (AgNPs) have been presented
in this section. Silver nanoparticles have been prepared by a green novel method from
Bhaduri et al.'” The resulting AgNPs also have been characterized using high resolution
transmission electron microscope (HRTEM), scanning electron microscope (SEM), UV-
Vis spectroscopy, X- ray photoemission spectroscopy (XPS) and Fourier transform
infrared spectroscopy (FTIR).Y” Therefore, the properties of AgNPs which used in this
work are briefly reviewed, while the experimental details were given in (Chapter 2

section 2.2.4 and 2.3.8).

AgNPs were formed at room temperature in presence of sunlight and an anionic
surfactant i.e. sodium dodecyl sulphate (SDS) without utilizing a reducing agent. Thus,
the sunlight and SDS play an important role for this reaction."” Concentrations of
AgNPs i.e. 1 mM AgNOs; and 10 mM AgNO; were exposed to sunlight for one hour,
thus the colour of their solution changes from colourless to faint brown and brown,
respectively as shown in figure 3.14a-b, respectively. Throughout exposure to sunlight,
the synthesis temperature of the two concentrations was kept constant at 25 °C.
However, the colour was changed after 5 minutes from the starting time of the

reaction.

Figure 3.14: Silver nanoparticles (AgNPs) solution prepared under sunlight at 25°C (a)
Reactant concentrations (1 mM AgNOs and 5 mM SDS) after exposure to sun for one
hour, and (b) Reactant concentrations (10 mM AgNOs and 50 mM SDS) after exposure

to sun for one hour.
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Bhaduri et al*’

obtained that AgNPs in two different concentration (1 mM AgNO;
and 10 mM AgNOs) have an average diameter of 100 nm and 30 nm, respectively by
using SEM. HRTEM results shows that AgNPs are crystalline with a face centred cubic
(FCC) lattice and AgNPs are surrounding with a layer of the surfactant. Bhaduri et al*’
suggested a mechanism of the reaction on the basis of XPS and FTIR results. Figure
3.15 presents this mechanism; silver dodecyl sulphate forms in solution initially. Then a
photon is been absorbed by silver dodecyl sulphate, resulting in metallic silver and DS
free radical. This free radical rearranges the S-O-C and S-O bonding of SO, of the SD

molecule. This arrangement makes the radical more stable.
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Figure 3.15: The schematic of the photochemical reaction of AgNPs from reactants i.e.

AgNO; with SDS."

The optical properties of AgNPs were studied in this work using UV-Vis
spectroscopy. Figure 3.16 shows UV-Vis absorption spectra of both concentrations of
synthesised AgNPs after exposure to sunlight for one hour. From the figure 3.16a-b, it
was found that there are two characteristic plasmon absorption peaks which observed
in different wavelengths i.e. 398 nm and 425 nm, respectively. This is due to surface
plasmon resonance of AgNPs which relies on the particle size and dipole/multipole
resonance.'” It should be pointed out that the absorption of light at different
wavelengths by silver nanoparticles gives an evidence of particle size, while the
broadening of these peaks indicates the particle size distribution.”” Consequently, the
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width of these two peaks is different. When the concentration of AgNOs is higher, the
narrowest particle size distribution is produced (see figure 3.16a-b). Thus comparing
the broadening peak at 425 nm and 398 nm may be result of different average particle
size distribution as confirmed by SEM results.’’ Figure 3.16a-b presents a peak at 398
nm and 425 nm which assigned to plasmons in AgNPs. There is a hump also in the
figure 3.16a-b observes at 350 nm this is due to multi-pole surface plasmon which

.Y The intraband transition

generates from larger AgNPs as observed by Bhaduri et a
of metallic silver is observed also at 320 nm in figure 3.16a-b.” It can be seen that the
UV-Vis absorption peak of AgNPs (10 mM) which have an average particle size of 100
nm is appeared at shorter wavelength (398 nm vs 425 nm) comparing with AgNPs (1
mM) which have an average particle size of 30 nm. This is can be explained as a result
of the further agglomeration of AgNPs with higher concentration as observed by SEM

images of AgNPs.17 This agglomeration will cause a lack of the absorption wavelength

of AgNPs (10 mM) as seen in figure 3.16b.
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Figure 3.16: UV-Vis spectra of synthesised AgNPs (a) AgNOs concentration of 1 mM
after exposure to sun for one hour, and (b) AgNO3 concentration of 10 mM after

exposure to sun for one hour.
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3.5 Summary

To summarize, porous silicon have been prepared successfully by a galvanostatic
etching method of p-Si(100) wafers followed by a thermal hydrosilation reaction of 1-
undecene in refluxing toluene in order to extract the C;11-SiNCs from porous silicon. XPS
measurement with photon energy of 1486.6 eV indicates that the estimation of the
Si2p core level of the alkylated SiNCs and the other core lines i.e. C1s and O1s were

observed in survey spectrum of alkylated silicon nanocrystals.

Erbium trichloride was added to C;;-SiNCs using a simple mixing chemical route.
To the best of our knowledge, this is a first investigation on mixing C;1-SiNCs with
erbium ions (ll) by this chemical method. The erbium trichloride hydrolysis to erbium
sesquioxide (Er,03) in Er/C;1-SiNCs film which coat the surface of alkylated SiNCs. The
presence of Er,03; on the surface of Cy1-SiNCs affects the oxidation state of alkylated
SiNCs on the surface as observed by XPS measurement of Er/C1;-SiNCs. We can
conclude that, the mixing chemical route which used in this project using Er’* affect

the oxidation state of alkylated SiNCs.

Commercial SiNCs have been characterized by SEM, HRTEM, AFM, XRD and XPS.
It is found that the SiNCs are crystalline with an average diameter of 65 nm and FCC
lattice. Infrared spectrum of commercial SiNCs presents characteristic vibrations bands
of SiH,, SiO, SiOSi, CH,, SiH, CH and CHs. It has been monitored the evolution of Si2p

core level of the commercial SiNCs by using XPS.

Silver nanoparticles have been synthesized using sunlight and an anionic
surfactant (SDS). Both sunlight and SDS play in an important role for this reaction to
completed. With changing the concentration of the surfactant, it determined that the
higher concentration of AgNPs (i.e. 10 mM AgNOs; and 50 mM SDS) gives narrower
particle size distribution. It is seen from UV-Vis measurements of silver nanoparticles, a
presence of surface plasmon which makes silver nanoparticles convenient in different

applications such as photovoltaic, plasmonics and photonics.
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Chapter 4

The Optical Characterization of Silicon Nanocrystals
(SiNCs) and their Mixtures with Erbium trichloride (ErCl;)
and Silver Nanoparticles (AgNPs)

In this chapter, the optical properties of synthesised alkylated silicon
nanocrystals (C;1-SiNCs), commercial SiNCs and their mixtures with erbium trichloride
(ErCls) and silver nanoparticles (AgNPs) are presented. UV-Vis absorption
measurements of C11-SiNCs, commercial SiNCs and their mixtures with erbium ions and
AgNPs in two different concentrations i.e. 1 mM AgNQOs: 5 mM SDS (1:5) and 10 mM
AgNO3: 50 mM SDS (10:50) are also carried out. Photoluminescence (PL)
measurements have been also investigated for C;;-SiNCs, commercial SiNCs and their
mixtures with erbium ions. Raman and surface enhanced Raman spectroscopy (SERS)
analyses have been studied for Cy;-SiNCs, commercial SiNCs and their mixtures with

ErCl; and AgNPs.

4.1 UV-Vis absorption measurements of synthesised alkylated silicon nanocrystals
(C11-SiNCs), commercial silicon nanocrystals (SiNCs) and their mixtures with erbium

trichloride (ErCl3) and silver nanoparticles (AgNPs)

In this work, a UV-Vis spectrometer was used to determine the optical
absorption spectra of silicon nanocrystals i.e. alkylated SiNCs and commercial SiNCs.
Silicon nanocrystals were studied on their own and in mixtures with erbium trichloride
and silver nanoparticles. These mixtures are Er/Cy1-SiNCs, Er/Commercial SiNCs, AgNPs
(1:5)/C11-SiNCs, AgNPs (10:50)/C;1-SiNCs, AgNPs (1:5)/Commercial SiNCs and AgNPs
(10:50)/Commercial SiNCs. The results from this analysis are reported and discussed

below. The experimental details for this part are shown in Chapter 2 section 2.3.8.

Figure 4.1 shows the absorption spectra of alkylated SiNCs dispersed in THF and
commercial SiNCs dispersed in deionized water in the wavelength range from 250 nm
to 800 nm. It can be seen that both absorption spectra of SiNCs (alkyl capped SiNCs
and commercial SiNCs) present a broad absorption tail with a steep rise feature at

around 350 nm which can be assigned to the direct band gap transition (ca. 3.4 eV in
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bulk silicon). It is known that bulk silicon exhibits direct band gap of 3.4 eV and an
indirect band gap of 1.1 eV.! Therefore, there is a rapid increase in the absorbance
with decreasing the wavelength from the wavelength of 600 nm (2.06 eV) which
presents the absorption band edge of the indirect band gap of SiNCs. However, in
order to excite an electron in SiNCs from the highest level of the valence band to the
lowest level of the conduction band a higher energy is required than in bulk silicon due
to quantum confinement effect. The result shows the absorption increases as the

direct gap is approached as observed by Lie et al

It is known that the band gap in bulk silicon at 1.1 eV is considered to be indirect
and is not vertical transition due to the absorption of phonon (lattice vibration), where
extra momentum is needed to change the crystal momentum of the electron (yellow
horizontal arrow in figure 1.5a); where the transition in the direct band gap materials
e.g. CdSe is vertical which reflects only the absorption of photons in these materials
(figure 1.5b).* Therefore, the main consequence of the indirect gap in bulk Si is weak
absorption emission (see figure 1.6). Silicon has also a direct band gap in which the
electron can be promoted across this gap directly from the valence band to the
conduction band but at higher energy (3.4 eV). However, in Si nanoparticles the size of
the indirect band gap is increased due to quantum confinement effect. This leads to
increase the indirect band gap size until approach the visible region at about 2.1 eV
(600 nm) as observed for our prepared alkylated SiNCs and commercial SiNCs. In
contrast, the size of the direct band gap does not change considerably with the
reduction of the particle size of Si because the maximum of the conduction band

located above the maximum of the valence band at k = 0 (see figure 1.5a).
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Figure 4.1: UV-Vis absorption spectra of alkylated SiNCs (0.08 g/L) dispersed in THF

(black line) and commercial SiNCs (0.6 g/L) dispersed in deionized water (red line).

To study the optical properties of erbium mixed silicon nanocrystals, the UV-Vis

investigation was also carried out. Figure 4.2 displays the absorption spectra of erbium

mixed C;1-SiNCs which dispersed in deionized water and erbium mixed commercial

SiNCs that also dispersed in deionized water. It can be indicated that the presence of

erbium ions with both types of silicon nanocrystals i.e. C;;-SiNCs and commercial SiNCs

does not change the absorption spectra of silicon nanocrystals. These absorption

spectra of erbium mixed silicon nanocrystals are similar to those observed by John et

al’ as this manner is constant for silicon nanocrystals due to indirect band gap.
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Figure 4.2: UV-Vis absorption spectra of Er/C;;-SiNCs dispersed in deionized water

(black line) and Er/Commercial SiNCs dispersed in deionized water (red line).

Figure 4.3 and figure 4.4 indicate the absorption bands of alkylated SiNCs and
commercial SiNCs, respectively mixed with two different concentrations i.e. (1:5) and
(10:50) of silver nanoparticles. It is clear that there is a change in the absorption bands
of SiNCs either Cy11-SiNCs or commercial SiNCs in the presence of AgNPs. The
characteristic absorption bands of SiNCs mixed with AgNPs (1:5) and (10:50) appear at
394 nm and 423 nm, respectively (see figure 4.3 and figure 4.4). These two peaks are
assigned to surface plasmon resonance (SPR) of AgNPs which relies on the particle size
of AgNPs and dipole/multipole resonance.® The intraband transitions of metallic silver
is observed also in AgNPs (1:5) and (10:5) mixed with SiNCs at 324 nm and 326 nm,
respectively.6 It can be seen that in figure 4.3 there is no considerable change in SPR
positions of AgNPs when they mixed with alkylated SiNCs compared to AgNPs without
Si nanoparticles. Furthermore, this phenomenon is constant for AgNPs when they
mixed also with commercial SiNCs as shown in figure 4.4. Thus, the presences of Si

nanoparticles do not affect the plasmons of silver nanoparticles.
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Figure 4.3: UV-Vis absorption spectra of C;;-SiNCs mixed with AgNPs (1:5) dispersed in

deionized water (black line) and mixed with AgNPs (10:50) dispersed in deionized

water (red line). The inset shows the UV-Vis absorption spectra of AgNPs (1:5)

dispersed in deionized water (black line) and AgNPs (10:50) dispersed in deionized

water (red line).
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Figure 4.4: UV-Vis absorption spectra of commercial SiNCs mixed with AgNPs (1:5)

dispersed in deionized water (black line) and mixed with AgNPs (10:50) dispersed in

deionized water (red line). The inset shows the UV-Vis absorption spectra of AgNPs

(1:5) dispersed in deionized water (black line) and AgNPs (10:50) dispersed in

deionized water (red line).
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4.2 Photoluminescence (PL) of synthesised alkylated silicon nanocrystals (C11-SiNCs),
commercial silicon nanocrystals (SiNCs) and their mixtures with erbium trichloride

(ErCl3), measured by PL spectroscopy

In this work, alkylated silicon nanocrystals (C;;-SiNCs), commercial silicon
nanocrystals (SiNCs) and their mixtures with erbium trichloride (ErCls) were prepared
and their photoluminescence (PL) properties were investigated. The general set up of
this experiment is explained in more detail in (Chapter 2 section 2.3.10). Two different
excitation wavelengths have been used i.e. 400 nm and 520 nm in order to excite
SiNCs and Er mixed SiNCs, respectively. This is because the instrument which used in PL

measurement provides two different excitation wavelengths.

The PL emission spectrum of alkylated silicon nanocrystals (C;;-SiNCs) drop
coated from deionized water onto glass coverslip is presented in figure 4.5 (the
excitation wavelength = 400 nm). The sample reveals an orange emission peak at 595
nm (2.1 eV). This peak can be attributed to the band gap transition of alkyl capped
SiNCs which is assigned to radiative recombination of excitons inside alkyl capped
SiNCs.” It is known that the higher energy is required to generate the exciton
luminescence in SiNCs which is higher than the band gap energy of bulk silicon due to

quantum confinement.?
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Figure 4.5: PL emission spectrum of alkylated SiNCs drop coated from deionized water

onto glass coverslip. The excitation wavelength =400 nm.
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Figure 4.6 indicates the PL emission spectra of erbium mixed alkylated SiNCs
which drop coated from deionized water onto glass coverslip. This sample also
exhibits the characteristic C11-SiNCs PL band at 595 nm in the region between 500 and
750 nm as seen in figure 4.6a (the excitation wavelength was 400 nm).” The position of
this Si peak (595 nm) does not change in the presence of erbium ions; while the
intensity of this PL band is considerably higher than the PL intensity band of C;;-SiNCs
as presented in figure 4.7; where the concentrations of C;;-SiNCs are equal in both
samples i.e. 0.08 g/L (see chapter 2 section 2.2.3). Figure 4.6a presents also PL bands

at 545 nm and 652 nm which assigned to 4S5/, and 4Fq/; of Er ion.’

It can be seen that the peak at 595 nm of erbium mixed alkyl capped SiNCs
shows a fourfold increase in the PL emission intensity. This enhancement in the
intensity can be explained as a result of the presence of erbium ions on the surface of
alkyl capped SiNCs which influence the luminescence intensity of Er/Cy;1-SiNCs.
Therefore, the typical absorption spectrum of erbium trichloride is carried out in order
to interpret this significant improvement in the intensity of the PL peak of Er/C;1-SiNCs
as shown in figure 4.8. This optical absorption spectrum of erbium trichloride solution
shows various bands that correspond to different absorption transitions of erbium
ions.” % These electronic transitions bands are listed in table 4.1. There is an electronic
transition peak at around 405 nm which is assigned to 2H9/2.9 This band is very close to
the laser wavelength at 400 nm that used to excite the Er/C1:-SiNCs. Hence, it is quite
possible that erbium absorbing laser light in this transition band and the energy
transferred to the C11-SiNCs from the erbium ion causing a significant enhancement in

the intensity of the PL emission band of SiNCs when they mixed with erbium ions.
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Figure 4.6: PL emission spectra of erbium mixed alkylated SiNCs drop coated from
deionized water onto glass coverslip showing two different regions (a) 500 — 750 nm
and the excitation wavelength was 400 nm (b) 1400 — 1700 nm and the excitation

wavelength was 520 nm.
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Figure 4.7: Comparison PL spectra of alkylated SiNCs drop coated from deionized water
onto glass coverslip (black line) and Er mixed with alkylated SiNCs drop coated from

deionized water onto glass coverslip (red line). The excitation wavelength = 400 nm.
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Figure 4.8: Absorption spectrum of erbium trichloride dispersed in deionized water.
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Energy level | Ageak (nm)
4Fs), 652
4S3/; 545
2H11/> 521
4F;) 488
4Fs) 449
4Fs) 442
2Hs 405
4Gyy/2 379
2Gs) 364
2Gyp, 356
4Dy, 255

Table 4.1: The experimental absorption peaks of Er’t energy level.

The PL infrared emission peak at around = 1536 nm in the region between 1400
nm and 1700 nm (figure 4.6b) attributed to the intra-4f transition of trivalent erbium
(intra-atomic *ly3/» = *l15/2 transitions of Er**)'™* and the excitation wavelength was 520
nm. It is known that erbium has an important role in optical fiber technology due to its
luminescence at around 1535 nm.'? In addition, the main goal of mixing SiNCs with
erbium is to observe the energy transferred from the excited state of Si to the erbium.
Thus, figure 4.6a-b demonstrated that Er/C1;-SiNCs sample exhibits simultaneously two
PL emission bands corresponding to radiative recombination of electron-hole pairs in
alkylated SiNCs (595 nm) and the intra-4f transition in Er** (1536 nm). The latter peak
is very weak and the intensity at 1536 nm is around a factor of 1 which determines
very low PL emission intensity from erbium ions. While, the Si PL peak becomes high in

the intensity as the erbium trichloride exists.

The lack of the PL Er*" intensity band (1536 nm) can be due to the mixing method
that used in this project which does not growth the PL intensity of erbium in Er/Cy;-
SiNCs mixture but it causes a significant enhancement in the PL peak of Si
nanoparticles. Thus, there is no energy transfer from excited alkylated SiNCs to Er’* as
we expected™ * while the energy transfer from erbium ions to alkylated SiNCs. In

order to transfer energy from SiNCs to erbium ions, the enhancement of 1536 nm PL
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emission band should be achieved. Assuming that the energy transferred from
alkylated SiNCs to erbium ions (Er**), figure 4.6 should be interpreted as follow.
Basically, the photons are absorbed by alkylated SiNCs and then excitons are
generated in the SiNCs.” Then, the exciton recombines radiatively which causes
photon emission as the energy of the resulted photon depends on the size of Si
nanocrystal (see figure 1.11). A part of radiative recombination energy of the exciton
of SiNCs is transferred to 4f shell in trivalent erbium; thus exciting Er**. The emission of
erbium at 1.54 um then occurs as a result of the transition from 4I13/2 to the ground
sate *l35/5. It is also should be noted that the amount of the energy transferred to Er>*
depends strongly on the concentration of erbium in the host material and the distance
between Si nanocrystals and trivalent erbium. This generates enhancement in the PL
intensity peak of erbium (1536 nm) and quenching in the PL intensity peak of Si (595
nm).This phenomenon known as fluorescence resonance energy transfer (FRET).
While, the results from this chemical mixing method which present in figure 4.6a-b
shows growth in the 595 nm PL peak of Si and quenching in the 1536 nm PL band of
Er’* which provides a clear evidence that the energy does not transfer from alkylated
SiNCs to Er*" as the concentration of SiNCs kept constant in both cases. This can be
explained as a result of presence of the erbium in an oxide form i.e.Er,03 as confirmed
from XPS results of Er mixed alkylated SiNCs. Thus, the presence of oxides between the
erbium and silicon core forbids this energy transfer. Kik et al*® and Ji et al*” observed
that the efficient enhancement in the PL band of erbium at ~ 1530 nm occur when the

Er** are spaced closely enough to SiNCs in order to allow the energy transfer process.

Figure 4.9 presents the PL emission spectrum of commercial SiNCs drop coated
from deionized water onto glass coverslip and the excitation wavelength was 400 nm.
The PL orange emission shouldering appears at 595 nm can be attributed to radiative
recombination of electron-hole pairs inside SiNCs.” It is surprisingly that the
luminescence of commercial SiNCs behaves in the same manner as alkylated SiNCs
regarding to the size of commercial SiNCs which have a diameter of 65 nm. This can be
due to (i) the presence of small fraction of small particles size (their radius > Bohr
radius) of commercial SiNCs which SEM, TEM, HRTEM, AFM and XRD techniques
cannot detect them and (ii) the presence of small grains which are responsible for the

luminescence of Si nanoparticles. The second reason should be ruled out as there are
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no grains observed in HRTEM image of commercial SiNCs. Thus, the first reason is most
likely to be the main responsible of the luminescence in commercial SiNCs in this

study.
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Figure 4.9: PL emission spectrum of commercial SiINCs drop coated from deionized

water onto glass coverslip. The excitation wavelength = 400 nm.

Figure 4.10 shows the PL emission spectra of erbium mixed commercial SiNCs
that drop coated from deionized water onto glass coverslip. The PL wavelength region
between 500 nm and 750 nm indicates an orange emission band at 595 nm which is
consistent for SiNCs’ (the excitation wavelength = 400 nm). It can be seen that there is
no any shift in this orange emission peak even in the presence of trivalent erbium.
Therefore, the position of PL emission band from SiNCs (595 nm) is not affected by
trivalent erbium and is considered to be consistent for both alkylated SiNCs and
commercial SiNCs. Figure 4.10a presents also PL bands at 545 nm and 652 nm which
assigned to 4Ss;; and 4Fy;; of Er ion.’ Meanwhile, figure 4.11 compares the two
intensities of the two PL Si peaks of commercial SiNCs and Er/commercial SiNCs as the
concentrations of commercial SiNCs are equal in both samples i.e. 0.6 g/L. This figure
presents that the intensity of this PL emission peak (595 nm) of erbium mixed
commercial SiNCs is three times higher than that of the intensity of the PL emission
band of commercial SiNCs. This significant enhancement in PL emission intensity

provide a clear evidence that the chemical composition affect the PL emission
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intensities of commercial SiNCs as has already been discussed in previous case of

alkylated SiNCs and Er/C;1-SiNCs (see figure 4.7).
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Figure 4.10: PL emission spectra of erbium mixed commercial SiNCs drop coated from
deionized water onto glass coverslip showing two different regions (a) 500 — 750 nm
and the excitation wavelength was 400 nm (b) 1400 — 1700 nm and the excitation

wavelength was 520 nm.
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Figure 4.11: Comparison PL spectra of commercial SiNCs drop coated from deionized
water onto glass coverslip (black line) and Er mixed with commercial SiNCs drop
coated from deionized water onto glass coverslip (red line). The excitation wavelength

=400 nm.

For this sample that contain trivalent erbium, there is another peak at
approximately 1536 nm in the range (1400 - 1700 nm) and the excitation wavelength
was 520 nm as seen in figure 4.10b. This peak is corresponding to the intra-4f
transition of Er*".** Therefore, figure 4.10a-b detected two different PL peaks at 595
nm and 1536 nm that are associated to band gap transitions of SiNCs and the ionic
transition in trivalent erbium, respectively. The PL Er’* band (1536 nm) is weak;
whereas the intensity of this peak is about a factor of around 200. Meanwhile, the
intensity of the PL peak of SiNCs becomes larger in Er/Commercial SiNCs as it has been
already discussed in the case of Er/C;;-SiNCs. Furthermore, on the basis of energy
transfer between Si and Er ions, figure 4.10 shows a significant enhancement in the
595 nm PL peak and quenching in the 1536 nm which provides clear evidence that the

energy transfers from trivalent Er to commercial SiNCs as observed also in Er/Cy1-SiNCs

mixture.

However, the chemical mixing route which used in this work does not provide
efficient PL from erbium ions when they mixed with SiNCs. It is noteworthy that

erbium ions have an important emission wavelength centred at about 1535 nm
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(characteristic for the intra-4f transition of Er’*) which correspond to a standard optical
telecommunication wavelength.18 Thus, this project aims to achieve maximum
emission intensity from trivalent erbium which generated as a result of the energy
transfer from excited silicon nanocrystals to the nearby erbium ion. Regarding to these
data for both Er/Cy;-SiNCs and Er/commercial SiNCs, this simple chemical mixing of
SiNCs and erbium ions leads to transferring energy from erbium ions to SiNCs not as
we expected™ ' from excited SiNCs to Er**. Furthermore, this failure to observe
optical active erbium may be due to the concentration of erbium that experimentally
used which was not sufficient to get efficient Er emission from the samples but affects
the photoluminescence of SiNCs considerably. In contrast, previous works® 11 1319, 20
have been reported a significant increase in the intensity of the PL emission peak of
erbium when the erbium doped silicon nanocrystals by different doping methods such
as ion implantation method and sputtering procedure. It was observed that intensity

of 1536 nm peak increased dramatically in the presence of silicon nanocrystals and the

PL emission peak of silicon nanocrystals is quenched.

However, Fujii et al”® and Cerqueira et al*® ?° found that the size of silicon
nanocrystals, the chemical environment of erbium doped silicon nanocrystals films and
different concentration of erbium ions inside the silicon nanocrystals film affect the PL
emission intensities of Si and Er**. Fujii et al*® and Cerqueira et al*® % found that the
intensity of PL peak of erbium ions (1545 nm) increased rapidly with decreasing the
size of SiNCs from 3.8 nm to 2.7 nm and from 8 nm to 3 nm, respectively. In addition,
they found that the PL intensity of erbium ions increases as the concentration of
erbium decreased within the SiNCs. Thus, different intensities of the PL emission bands
can be observed depending on the above factors. Thus, it is apparent that the chemical
mixing method, chemical environment of the erbium mixed SiNCs and the
concentration of erbium trichloride that practically utilized (4 mM) does not transfer
energy from SiNCs to Er ion. It is also exert an insignificant effect on the PL efficiency of

erbium ions but there is a large effect on the luminescence of SiNCs.
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4.3 Confocal Raman measurements of synthesised alkylated silicon nanocrystals (Cy:-
SiNCs), commercial silicon nanocrystals (SiNCs) and their mixtures with erbium

trichloride (ErCl;)

The optical characterization and chemical composition of both alkylated silicon
nanocrystals (C;1-SiNCs) and commercial silicon nanocrystals (SiNCs) and Er/SiNCs
mixtures have been investigated by confocal Raman spectroscopy. The investigated
samples were drop-cast on glass coverslips for confocal Raman spectroscopic
measurements. The samples were investigated at an excitation wavelength of 488 nm
provided by an Argon ion laser and the scattered/emitted light was dispersed on a
grating of 150 lines mm™ to collect a broad spectral range (200 cm™ to 7000 cm™)
including both Raman and luminescence bands of interest. The procedures of

preparing those samples are given in details in (Chapter 2 section 2.3.9).

Figure 4.12a-b displays a reflected light image and luminescence image of
alkylated SiNCs do not contain erbium trichloride drop cast on glass coverslip. The
confocal luminescence images of dried C11-SiNCs present bright features which are due
to the aggregates of Cy;-SiNCs as shown in figure 4.12b. Figure 4.12c-d presents a
reflected light image and luminescence image of alkylated SiNCs do contain erbium
ions drop cast on glass coverslip. The bright features confirm the presence of clusters
of C11-SiNCs which are associated to Er** (figure 4.12d). Mainly, the drying process
during sample preparation for the microscopy is the original reason for these
aggregates (clusters) which determined in figure 4.12b,d as these clusters were

observed by previous works on confocal Raman spectroscopy.21'23
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Figure 4.12: (a) Reflected light image of C;;-SiNCs collected before (b) confocal
luminescence spectrum image of dried C;3-SiNCs deposited from dichloromethane on
the glass coverslip. (c) reflected light image of Er/Cy:-SiNCs collected prior to (d)
confocal luminescence spectrum image of dried Er/C;;1-SiNCs deposited from aqueous
solution on the glass coverslip. The laser wavelength was 488 nm and the scale
displays the scattered intensity integrated over the Stokes shift range from 200 cm™ to
7000 cm™, which corresponds to a mixture of Raman signals and the luminescence.
The scale bar of the reflected light images (a,c) is 10 um and the scan size of the

luminescence images (b,d) is 50 X 50 um.

These bright regions of the confocal luminescence images were gathered
together in order to provide complete average Raman luminescence spectra for Cy;-
SiNCs and Er/C;1-SiNCs as presented in figure 4.13. Figure 4.13a provides an average

Raman spectrum of C;1-SiNCs which exhibit the consistent Raman bands of alkylated
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SiNCs that prepared by this method. The Raman peak at 515 cm™ is assigned to the
first order of crystalline SiNCs as this peak constant for SiNCs.? This peak is less than
the peak of bulk silicon (520 cm™) due to quantum confinement effect.?® The feature at
960 cm™ can be attributed to the second order of SiNCs.** There is also a broad and
large peak with a maximum at 4915 cm™ (642 nm) which attributed to the orange
luminescence signal of alkylated SiNCs due to quantum confinement effect.”>** This
orange luminescence peak is characteristic for C1;-SiNCs that synthesised by this

method as observed by our research group several years ago.l' 7, 24-26

However, when the luminescence spectrum of alkylated SiNCs in figure 4.13a is
compared to the luminescence spectrum of the alkylated SiNCs (figure 4.5); a clear
blue shift is observed (642 nm versus 595 nm). A possible explanation for this
observation is using different solvents for alkylated SiNCs i.e. dichloromethane and
water for Raman and photoluminescence measurements, respectively. Consequently,
using the water leads to a chemical change i.e. oxidation of the silicon nanocrystals
which increase the amount of Si-O, species on the alkylated SiNCs surface. However, it
is known that the alkyl monolayer is chemically robust and stable against the oxidation

2730 pickinson et al** found that the water

except under intense X- ray irradiation.
penetrate the underlying silicon atoms via the monolayers on silicon nanocrystals
which have some defects or are less ordered. In addition, the differences between the
two luminescence spectra may be due to using different excitation source i.e. 400 nm
in PL measurement and 488 nm in confocal Raman investigation. Thus, this blue shift
of the luminescence wavelength is observed as a consequence of excited small particle
sizes of alkylated SiNCs. This suggests that at PL measurement, the smaller particles

. . 1 . . .
which possess a larger quantum confinement effect,*! exhibit luminescence in lower

wavelength than that observed in Raman spectrum of alkylated SiNCs.
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Figure 4.13: Average Raman and luminescence spectra of (a) C13-SiNCs drop-coated
from dichloromethane solution on glass coverslip. (b) Er/C11-SiNCs drop-coated from
aqueous solution on glass coverslip. The excitation wavelength = 488 nm line of an
argon ion laser was used to excite the luminescence and the spectra was collected
using a grating = 150 lines mm™ which provides collection of both Raman and
luminescence from alkylated silicon nanocrystals. These spectra are collected as

averages from the particles that shown on figure 5.12(b,d). The elastically scattered

laser light is observed as a higher intensity peak at 0 cm™.
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XPS spectrum (figure 3.3), the absorbance spectrum (figure 4.1), the emission
spectrum (figure 4.5a) and Raman spectrum (figure 4.13a) of alkyl capped SiNCs that
studied in this work are identical with previous work which reported for alkylated

SiNCs. Thus, these data indicate the successful synthesis of alkyl capped SiNCs.

Figure 4.13b shows the average Raman/luminescence spectrum that observed
from erbium mixed alkylated SiNCs that drop coated from deionized water onto glass
coverslip. The characteristic large and very broad Raman peak presented in this
spectrum with a maximum intensity at around 3960 cm™ (605 nm) can be referred to

L2224 1t is also should be noted that this

orange luminescence signals from C;1-SiNCs.
peak is a broader than that of alkylated SiNCs. In addition, the position of this peak
shifts to a lower wavelength (blue shift) due to the oxidation of alkylated SiNCs in
presence of erbium ions. As mentioned above, the position of the luminescence peak
of C11-SiNCs that prepared by the electrochemical method® most likely to be affected
by the oxidation reaction between the SiNCs and the water. In addition, these
oxidations states of alkylated SiNCs (SiO,) are affected when they mixed with rare
earth ion i.e. Er** as obtained from the core line Si2p in XPS spectrum of Er/C;1-SiNCs
(see figure 3.5a). XPS spectrum shows that the Er/Cy;-SiQDs have sub oxides on the
surface of the nanoparticles. This gives evidence that the blue shift in the
luminescence peak of SiNCs in Er/Cy:-SiNCs arises from states that related with surface
oxide. Thus, the surface chemical composition must play an important role in the blue
shift of the luminescence of alkylated SiNCs when they mixed with erbium ions. It can
be seen also that the typical peak of crystalline Si at 515 cm™ does not appear in
presence of erbium trichloride. This observation may be a result of overlap with the Si
orange luminescence peak to become one broad peak. Furthermore, the sharp

features at around 5145 cm likely due to the electronic transitions from 4F9/2 to the

4 . . . 1
ground state “lis/; in erbium ions. 0

However, this orange luminescence peak (figure 4.13b) also is similar to that
observed from PL emission of Si in Er/C11-SiNCs mixture (figure 4.6). This suggests that
the above hypothesis about the oxidation of the C;;-SiNCs in the water medium is
confirmed when Er®" exist. It also can be seen that the intensity of the scattered
Raman light from the mixture is higher than that of pure alkylated SiNCs. The similar

observation has been also obtained from PL measurements of C;;-SiNCs and Er/Cyi-
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SiNCs (figure 4.7) as discussed previously based on the energy transfer from erbium to
silicon nanocrystals. From the typical absorption spectrum of erbium trichloride (figure
4.8), there is an electronic transition peak at 488 nm which attributed to 4F;5.” This
transition band is corresponding to the laser wavelength at 488 nm of Raman
spectroscopy that used to excite the Er/Cy;-SiNCs sample. Consequently, it is most
likely that the laser light has been absorbed by Er’* in this transition band and the
energy transferred to the Cy;-SiNCs which reflect the significant enhancement in the
intensity of the luminescence band of SINCs when they mixed with erbium ions (see

figure 4.13) .

Moving to Raman measurements of commercial SiNCs and their mixture with
erbium ions (Er/SiNCs), figure 4.14a-d shows a reflected light images and luminescence
images of commercial SiNCs and Er/SiNCs mixture drop cast on glass coverslip. The
confocal luminescence images of dried commercial SiINCs and Er/Commercial SiNCs
exhibit bright spots (see figure 4.14b,d) due the presence of clusters of SiNCs and
SiNCs which are associated to trivalent erbium, respectively. These observed
aggregations (clusters) are a result of the drying method that used to prepare the
samples. SEM images, TEM images and HRTEM images of commercial SiNCs present
clear evidence that the Si nanoparticles after drying process are aggregated as a

clusters.
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Figure 4.14: (a) Reflected light image of commercial SiNCs collected before (b) confocal
luminescence spectrum image of dried commercial SiNCs deposited from deionized
water on the glass coverslip. (c) reflected light image of Er/Commercial SiNCs collected
prior to (d) confocal luminescence spectrum image of dried Er/Commercial SiNCs
deposited from deionized water on the glass coverslip. The laser wavelength was 488
nm and the scale displays the scattered intensity integrated over the Stokes shift range
from 200 cm™ to 7000 cm™, which corresponds to a mixture of Raman signals and the
luminescence. The scale bar of the reflected light images (a,c) is 10 um and the scan

size of the luminescence images (b,d) is 50 X 50 pm.

Figure 4.15 provides an average Raman and luminescence spectra of commercial
SiNCs and Er/Commercial SiNCs which deposited on the glass coverslips. As the bright
spots of the confocal luminescence images (figure 4.14b,d) were collected together,
the complete average Raman and luminescence spectra of both commercial SiNCs and

their mixture with erbium trichloride are obtained in figure 4.15.
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Figure 4.15: Average Raman and luminescence spectra of (a) commercial SiNCs drop-
coated from aqueous solution on glass coverslip. (b) Er/Commercial SiNCs drop-coated
from aqueous solution on glass coverslip. The excitation wavelength = 488 nm line of
an argon ion laser was used to excite the luminescence and the spectra was collected
using a grating = 150 lines mm™ which provides collection of both Raman and
luminescence from commercial silicon nanocrystals. These spectra are collected as
averages from the particles that shown on figure 5.14(b,d). The elastically scattered

laser light is observed as a higher intensity peak at 0 cm™.
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The Raman spectrum of commercial SiNCs which drop coated from deionized
water onto glass coverslip is presented in figure 4.15a. The characteristic Raman peak
of crystalline Si appears at 520 cm™. This sharp peak has the same value as bulk

3233 puan et al*® have claimed that the quantum confinement effect

crystalline silicon.
is a dominant for Raman peak shift for crystalline SiNCs with particles size less than 6
nm. While for the particles larger than 6 nm, no considerable shift was observed in
Raman peak and approached to the bulk value (520 cm™). They*® have concluded that
the different sizes of silicon nanoparticles that range from 2 nm to 100 nm influence
the shifts in Raman spectra. Consequently, the crystalline silicon Raman peak of
commercial SiNCs which have an average diameter of 65 nm emerged at 520 cm™,
while this crystalline silicon peak sifts to 515 cm™ in the case of synthesised alkylated
SiNCs with a diameter of 2.5 nm (see figure 4.13a) due to the quantum confinement
effect. The Raman feature at 1100 cm™ can be assigned to Si-O vibration mode.** The
presence of this vibration mode has been also determined in FTIR data of SiNCs (figure
3.12). In addition, this Raman peak can be also associated to second order of SiNCs.*

The large and broad Raman peak which detected at 2330 cm™ (550 nm) refers to the

luminescence signals from SiNCs.

However, when the PL spectrum of commercial SiNCs (figure 4.9) is compared
with the emission spectrum of the same silicon nanoparticles (figure 4.15a); a
significant blue shift in the luminescence signal is detected (595 nm versus 550 nm).
This blue shift can be due to (i) the oxidation of SiNCs, (ii) using different excitation
sources i.e. 400 nm and 488 nm for PL investigation and Raman measurement,
respectively. For the former reason, it is quite common that the nanoparticles are
oxidized when they exposed to water and 0,.°* %’ *> % FTIR data (see figure 3.12)
support this interpretation as the stretching peaks of SiO and O,SiH, are exist. In
addition, the SiO Raman peak is presented in Raman spectrum of commercial SiNCs.
These observations give strong evidence of the surface oxidation of commercial SiNCs.
Thus, exposing the SiNCs to the water and the oxygen increase the oxidation states of
the nanoparticles which result in blue shift. Therefore, the origin of this blue shift in
the luminescence produces from the surface oxidation states of SiNCs. However, the
oxidation effect on the luminescence (blue shift) of SINCs has been already discussed

in details in the case of alkylated SiNCs. The second possibility of this blue shift in the
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luminescence is using different excitation sources in those two techniques. Thus, this
shift of the luminescence wavelength is observed as a consequence of excited different
sizes of SiNCs by using different excitation wavelength which confirmed the particle
size distribution of commercial SiNCs as found from SEM, TEM, AFM and XRD data.
This suggests that at Raman measurement, the smaller particles which possess a larger
quantum confinement effect,! exhibit luminescence with lower excitation wavelength
than that observed in PL emission spectrum of commercial SiNCs. This observation is
somewhat similar to that observed by Lin et al® during the photoluminescence
measurement of SiNCs in water medium using different excitation source range from
340 nm to 370 nm. The PL peak of SiNCs shifts to a lower wavelength as the
wavelength of the excitation source increased. This phenomenon was explained in
their investigation as a result of exciting different particles sizes with various excitation

sources which reflect the particles size distribution of SiNCs.*

Figure 4.15b shows the average Raman and luminescence spectrum of erbium
mixed commercial SiNCs (Er/Commercial SiNCs) which drop coated from deionized
water onto glass coverslip. The Raman feature at 520 cm™ can be assigned to

3233 The peak at 1100 cm™ corresponds to stretching vibration

crystalline bulk SiNCs.
mode of Si-O.** The position of these peaks do not change in the presence of erbium
ions whereas the crystalline Si peak and Si-O peak become lower in intensity than that
of commercial SiNCs due to increasing the intensity of the luminescence signals from
SiNCs which located with a maximum at 1968 cm™ (539 nm). There is also a blue shift
in the luminescence peak of Er/Commercial SiNCs when it compared with that of
commercial SiNCs. The effect of the oxidation on luminescence peak of SiNCs has been
discussed previously. Meanwhile, the intensity of this peak (539 nm) has also
increased in presence of Er’*. This change in the PL intensity was interpreted
previously based on the energy transferred from erbium to silicon as observed also in
Er/C11-SiNCs mixture. Consequently, this phenomenon of enhancement the Raman
scattering intensity was constant for both mixtures of Er/SiNCs. This phenomenon has
been explained as a result of the total energy transferred from erbium ions to silicon
nanoparticles. This assumption suggests that the energy level of erbium trichloride i.e.

4F;/, absorbs the Raman laser light (the excitation source was 488 nm) and transferred

to Si nanoparticles.

129



The Raman spectrum of erbium trichloride which drops coated from deionized
water onto glass coverslip is investigated as shown in figure 4.16. The Raman features
at 1334 cm™ (522 nm) and 2143 cm™? (545 nm) can be assigned to 2H;1/, - 4135/, and
4S5/, = 4lis), respectively.lo The clear peak at 3360 cm™ corresponds to OH vibration
mode of water that used as a solvent for erbium trichloride.?” In addition, the peak at
5154 cm™ (652 nm) is attributed to the electronic transition from 4F9/2 to the ground
state *l1s/,."° These peaks do not appear when SiNCs are mixed with aqueous erbium

trichloride due to the broad luminescence signal of both types of SiNCs.
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Figure 4.16: Average Raman and luminescence spectra of erbium trichloride drop
coated from deionized water onto glass coverslip. The excitation wavelength = 488

nm. The elastically scattered laser light is observed as a higher intensity peak at 0 cm™.
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4.4 Surface enhanced Raman spectroscopy (SERS) effect of synthesised alkylated
silicon nanocrystals (C;1-SiNCs), commercial silicon nanocrystals (SiNCs) using silver

nanoparticles (AgNPs)

To enable surface enhanced Raman spectroscopy (SERS), silver nanoparticles in
two different concentrations i.e. 1 mM AgNOs: 5 mM SDS (1:5) and 10 mM AgNOs: 50
mM SDS (10:50) were used in this investigation. Silver nanoparticles were then mixed
with SiNCs i.e. alkylated silicon nanocrystals and commercial silicon nanocrystals in
order to observe the increasing of Raman scattering from silicon nanocrystals. Thus,
the intense SERS effect which observed during this study suggested that AgNPs which
synthesized using a green method can be used in SERS substrate. The obtained results
from this analysis are reported and discussed below. The experimental details for this

investigation are given in (Chapter 2 section 2.3.9).

Confocal spectroscopy investigations were applied to study the surface enhanced
Raman and luminescence spectra of silicon nanocrystals with their mixtures with silver
nanoparticles. All the samples i.e. AgNPs (1:5)/C11-SiNCs, AgNPs (10:50)/C11-SiNCs,
AgNPs (1:5)/Commercial SiNCs and AgNPs (10:50)/Commercial SiNCs were drop-cast
on glass coverslips for Raman spectroscopic measurements. Those samples were
investigated at an excitation wavelength of 488 nm provided by an Argon ion laser and
150 lines mm™ was also used as a grating in order to disperse the scattered and
emitted light of both Raman and luminescence features of interest. The reflected light
and confocal luminescence images of all samples which drop coated on a glass
coverslip are shown in figure 4.17. The bright regions which determined from the
confocal luminescence images of SiNCs with their mixtures with AgNPs using confocal
spectroscopy provide clear evidence that SiNCs are aggregates as clusters due to the
drying process as have been already obtained in the previous case of SiNCs and their

mixture with erbium ions.
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Figure 4.17: Reflected light images of (a) AgNPs (1:5)/C11-SiNCs. (b) AgNPs (10:50)/C11-
SiNCs. (c) AgNPs (1:5)/Commercial SiNCs and (d) AgNPs (10:50)/Commercial SiNCs.
Confocal luminescence spectrum image of (e) AgNPs (1:5)/C11-SiNCs. (f) AgNPs
(10:50)/C11-SiNCs.  (g) AgNPs  (1:5)/Commercial SiNCs and (h) AgNPs
(10:50)/Commercial SiNCs deposited from aqueous solution on the glass coverslips.
The laser wavelength was 488 nm and the scale displays the scattered intensity
integrated over the Stokes shift range from 200 cm™ to 7000 cm™, which corresponds
to both signals of Raman and luminescence. The scale bar of the reflected light images

is 10 um and the scan size of the luminescence images is 50 X 50 um.

The bright regions for each sample which observed in figure 4.17 (e-h) were
combined together to obtain complete average Raman and luminescence spectra in
order to evaluate the SERS and the luminescence enhancement of SiNCs with AgNPs as
presented in figure 4.18 and 4.19. Thus, figure 4.18 and 4.19 show the average Raman
/luminescence spectra of alkylated SiNCs and commercial SiNCs when they mixed with

AgNPs (1:5) and AgNPs (10:50), respectively.
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Figure 4.18: Average Raman and luminescence spectra of (a) AgNPs (1:5)/C11-SiNCs (b)

AgNPs (10:50)/C11-SiNCs.

All samples were drop-coated from aqueous solution on glass

coverslips. The excitation wavelength = 488 nm line of an argon ion laser was used to

excite the luminescence and the spectra was collected using a grating = 150 lines mm™

which provides collection of both Raman and luminescence from alkylated silicon

nanocrystals. The elastically scattered laser light is observed as a higher intensity peak

at0cm™.
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Figure 4.19: Average Raman and luminescence spectra of (a) AgNPs (1:5)/Commercial
SiNCs (b) AgNPs (10:50)/Commercial SiNCs. All samples were drop-coated from
aqueous solution on glass coverslips. The excitation wavelength = 488 nm line of an
argon ion laser was used to excite the luminescence and the spectra was collected
using a grating = 150 lines mm™ which provides collection of both Raman and

luminescence from silicon nanocrystals.
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In general, the SERS features in the region 350 - 630 cm™ can be attributed to
SO; stretching vibrational modes of SDS which used to synthesis AgNPs.‘Q‘8 The -CH,-
bending vibrations modes of the carbon chain of the SDS molecule are in the region
1350 - 1580 cm™.*® The SERS peaks at around 2900 cm™ can be assigned to C-H
stretching vibrations modes of the carbon group of dodecyl sulphate molecule.*® Table
4.2 listed the assignments of SERS features that observed in figure 4.18 and figure
4.19.

The typical luminescence peak of SiNCs i.e. 642 nm for alkyl capped SiNCs and
550 nm for commercial SiNCs does not disappear but it is dominated by much larger
peak at lower wavelength at around 500 — 4000 cm™ (500 — 606 nm) for both types of
SiNCs. Thus, the luminescence peak of SiNCs blue shifted in presence of AgNPs (1:5)
and (10:50). This blue shift can be explained as a result of the presence of metal
nanoparticles i.e. AgNPs. In the presence of metal nanoparticles, the 488 nm light
which used as an excitation source mostly does not excite the SiNCs directly, but is
absorbed by the plasmon band and the near field of the plasmon couples to the SiNCs
and excites it. However, the near field is only strong (near) to the metal, i.e. on the
surface of the SiNCs. It is then logical the emission would be blue-shifted because only
close to surface states not core states are excited. On the other hand, our group®
observed that oxide-rich parts of the alkylated silicon quantum dots may have
localised states that emit light blue shifted compared to un-oxidized parts of the
particle on the surface as already have been discussed previously. Therefore, the effect
of trace oxides on the surface of SiNCs is important and known to cause a blue shift in
this study. Also, Zidek et al*® % discuss the effect of the surface on the emitting state
as there may be many, slightly different emitting states even in a single particle. The
second possible explanation for this blue shift of the luminescence peak of
AgNPs/SiNCs compared to the luminescence of SiNCs alone is the coupling of the
localized surface plasmon resonance (LSPR) to states near the direct gap of SiNCs,
which radiate more efficiently. The reason that LSPR couples efficiently to such states
may be simply that the wavelength of the laser i.e. 488 nm and LSPR near 400 nm are

very blue compared to the orange luminescence at the indirect gap.
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}\peak (Cm_ ) Of )\peak (Cm_ ) Of

Functional AgNPs AgNPs
AgNPs AgNPs
group (1:5)/Commercial | (10:50)/Commercial
(15)/C11$|NCS (1050)/C11$|NCS
SiNCs SiNCs
SO; 396 396 396 396
CH, 1385 - 1580 1368 - 1580 1370 - 1580 1385 - 1580
CH 2895 2902 2902 2910

Table 4.2: Vibrations modes observed in SERS spectra for AgNPs (1:5)/C11-SiNCs, AgNPs
(10:50)/C11-SiNCs, AgNPs (1:5)/Commercial SiNCs and AgNPs (10:50)/Commercial
SiNCs.

The mean Raman and luminescence spectra of both SiNCs that mixed with
AgNPs (1:5) determined that the SERS intensities were higher than which observed for
both SiNCs mixed with AgNPs (10:50) as shown in figure 4.20. A significant
enhancement up to 10 times and 4 times in the intensity of the most intense band
(CH; bending vibration mode) is observed, when C;;-SiNCs mixed with AgNPs (1:5) and
AgNPs (10:50), respectively as compared to the conventional Cy;-SiNCs (see figure
4.20a). A similar observation was also reported for the commercial SiNCs when they
mixed with AgNPs (1:5) and AgNPs (10:50); where the intensity of the SERS higher 9
times and 3 times, respectively when compared with conventional commercial SiNCs
as presented in figure 4.20b. This significant enhancement in SERS intensities may be a
consequence of the coupling between the excitation laser light (488 nm) and the
plasmon bands of AgNPs; thus this intense field at AgNPs surface couples strongly to

SiNCs.

However, this difference in the SERS intensities enhancement can be a result of
two reasons i.e. using different sizes of AgNPs through the project and using two
different concentrations of AgNPs. It is known that the average particles size of AgNPs
(1:5) and AgNPs (10:50) is 100 nm and 30 nm, respectively.® Thus, the bigger silver
nanoparticles (1:5) exhibit more enhancements in the intensity of Raman signal rather
than the smaller silver nanoparticles (10:50) which reflect the strong interaction
between the localized surface plasmon resonance of AgNPs and the electric field

forming a strong polarization near SiNCs. Our phenomena is in agreement with the
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1.** They have found that varying the dimension of

study that reported by Rycenga et a
AgNPs will influence the scattering and the absorption peak of localised surface
plasmon resonance (LSPR). They*' have suggested that when AgNPs have diameter
about 30 nm the absorption is more dominant compared to scattering. Whereas, the
AgNPs with size range from 40 nm to 140 nm had a significantly higher scattering
intensity compared to the absorption. Thus, based on this assumption41 our obtained
results from UV-Vis and Confocal Raman spectroscopy of all the samples i.e. AgNPs
(1:5)/C11-SiNCs, AgNPs (10:50)/C;1-SiNCs, AgNPs (1:5)/Commercial SiNCs and AgNPs
(10:50)/Commercial SiNCs are constant with above study (see figure 4.3, figure 4.4,
figure 4.18 and figure 4.19). The second possible interpretation of this difference
enhancement in the Raman signal intensities may be related to the concentration of
AgNPs. When the concentration of AgNPs increased from (1:5) to (10:50), AgNPs tend
to self-aggregate. Subsequently, these clusters will reduce the luminescence intensity
of AgNPs. This explanation is compatible with SEM images of synthesised AgNPs (1:5)
and (10:50) which observed further agglomeration for Ag nanoparticles with higher
concentration.® This observation also is consistent with that observed by Chandra et

al.®? They have found that increasing the metallic nanoparticles concentrations will

reduce the emission intensity of CdSe/ZnS QDs.
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Figure 4.20: Average Raman and luminescence spectra of (a) Cy;-SiNCs (green line),
AgNPs (1:5)/C11-SiNCs (black line) and AgNPs (10:50)/C1:-SiNCs (red line). (b)
Commercial SiNCs (green line), AgNPs (1:5)/Commercial SiNCs (black line) and AgNPs
(10:50)/Commercial SiNCs (red line). All samples were drop-coated from aqueous

solution on glass coverslips. The excitation wavelength = 488 nm.
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It can be seen that the Raman and luminescence spectra of AgNPs/SiNCs
mixtures obtained several peaks which are not presented in Raman spectra of SiNCs
(see figure 4.18 & 4.19). Thus, in order to justify these peaks which are presented due
to presence of silver, Raman spectrum of AgNPs (1:5) has also performed. Figure 4.21
presents the Raman spectra of AgNPs (1:5) drop coated from aqueous solution onto
glass coverslip using 488 nm as an excitation source. The Raman bands in the region
350 — 600 cm™ can be attributed to SOs stretching vibration modes of SDS.*® ** The
Raman peak at around 891 cm™ may be associated to CH3 rocking vibrations mode of
SDS.*® ** The Raman feature at 1105 cm™ associated to NO; which used in AgNPs
preparation.44 The CH, bending modes of the C chain in SDS appear in the region 1300
- 1460 cm™.3® % while, the sharp Raman peak at 2900 cm™ and the broad peak at
3400 cm™ correspond to CH stretching vibration modes of SDS and O-H, respectively.>”
38, 43

Thus, all the Raman bands in AgNPs/SiNCs mixtures are generated from Ag

nanoparticles as observed in figure 4.18 & 4.19.
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Figure 4.21: Average Raman and luminescence spectrum of AgNPs (1:5) drop coated

from aqueous solution onto glass coverslip. The excitation wavelength = 488 nm. The

elastically scattered laser light is observed as a higher intensity peak at 0 cm™.
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The SERS effect was carried out also for commercial SiNCs and their mixtures
with AgNPs using Lab RAMAN HR 800 with an excitation source of 514.5 nm from an
argon ion laser. Using a laser power of 5 mW, the spectra were collected; where the
laser has been focused on 1 um of the sample. It is known that the green laser is more
sensitive to detect Raman signals than the blue laser as the intensity of Raman
scattering is proportional to the incident light wavelength.45 However, silver

nanoparticles can be readily excited in blue and green regions.*

Figure 4.22 presents
the Raman spectrum of commercial SiNCs drop coated from aqueous solution onto
glass cover slip in the region between 200 cm™ and 1800 cm™. The sharp Raman peak
at 520 cm™ can be attributed to the bulk crystalline Si.*® It can be seen that this Raman
peak becomes narrower with increasing the excitation wavelength from 488 nm to 514
nm. This can be due to a resonance of the excitation energy with the electronic state
of SiNCs.*®*’ The feature at 960 cm™ can be attributed to the second order of SiNCs.**
The broad Raman peak that appeared at 1097 cm™ can be associated to Si-O vibration
mode.** These peaks were also observed in Raman spectrum of commercial SiNCs
using 488 nm as an excitation source (figure 4.15a). The Raman band at 1360 cm™ may
be attributed to CH bending vibration mode of commercial SiNCs.*® Furthermore, there
is no luminescence features were captured using Lab RAMAN. This is probably because
the excitation source (514.5 nm) in this spectroscopy is not absorbed strongly as in
confocal Raman which has excitation source of 488 nm. Thus, the luminescence peak
of commercial SiNCs does not appear in this study. However, Raman investigations of
commercial SiNCs are in agreement with FTIR study (see figure 3.12) which reflect

proper analyses of their chemical composition.
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Figure 4.22: Raman spectrum of commercial SiNCs drop coated from aqueous solution

onto coverslip. The excitation wavelength = 514.5 nm.

To enable investigate the SERS effect on commercial SiNCs, AgNPs in two
different concentration i.e. (1:5) and (10:50) were utilized. Figure 4.23 presents the
Raman spectra of commercial SiNCs with their mixtures with AgNPs drop coated from
aqueous solution onto glass cover slip in the region between 200 ecm™ and 1800 cm™.
Figure 4.23a exhibit the SERS spectrum of AgNPs (1:5) mixed with commercial SiNCs.
The sharp Raman peak at 520 cm™ corresponds to bulk crystalline silicon of AgNPs
(1:5)/Commercial SiNCs. In addition, the SERS features at around 804 cm™ and 940
cm™ may be assigned to S-OC vibration modes of SDS molecule and to the second
order of SiNCs**3, respectively. However, the same SERS features have been observed
for AgNPs (10:50)/Commercial SiNCs as presented in figure 4.23b; beyond for Si second
order which was observed at 955 cm™. This red shift can be associated to laser induced
heating. The heating effect from the laser using Lab RAMAN on the Raman shift was

observed also by Astuti.*

Taking into account the intensities of SERS, it was found that SERS intensity of
AgNPs (1:5)/Commercial SiNCs was higher than that of AgNPs (10:50)/Commercial
SiNCs as presented in figure 4.23c. A considerable SERS enhancement up to 7 and 2

times in the intensity of the most intense band (520 cm™) is observed, when
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commercial SiNCs mixed with AgNPs (1:5) and AgNPs (10:50), respectively as
compared to the conventional commercial SiNCs. This significant enhancement in the
SERS intensities and the difference between the SERS intensities of AgNPs
(1:5)/Commercial SiNCs and AgNPs (10:50)/Commercial SiNCs have been already
explained in details previously. However, this phenomenon is consistent in the trend
with that observed in AgNPs/ Commercial SiNCs mixtures using excitation source = 488
nm; where SERS intensity of AgNPs (1:5)/Commercial SiNCs > AgNPs
(10:50)/Commercial SiNCs.

It is noteworthy that the magnitude of the SERS enhancement can be influenced
by two factors; localized surface plasmon resonance (LSPR) of silver nanoparticles and
the wavelength of the excitation source (Aey).”° Consequently, it is eligible to match
between the wavelength of LSPR and the laser wavelength. Thus, the enhancement in
SERS intensity changes as a function of LSPR of nanoparticles and excitation
wavelength. A recent wavelength-scanned SERS study by McFarland et al’* indicates
that the maximum SERS enhancement intensity can be achieved by using wavelength
excitation source less than the wavelength of LSPR of silver nanoparticles. Thus, our
data are expected and present a similar behaviour; as A i.e. 488 nm closer to A of
LSPR i.e. around 400 nm, higher SERS effect can be obtained than that of A = 514.5
nm. Therefore, the use of shorter wavelength (488 nm) was affective to observe
significant SERS enhancement in the intensity in commercial SiNCs with their mixtures

of AgNPs.
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Figure 4.23: SERS spectra of (a) AgNPs (1:5)/Commercial SiNCs. (b) AgNPs
(10:50)/Commercial SiNCs and (c) comparison between commercial SiNCs (green line),
AgNPs (1:5)/Commercial SiNCs (black line) and AgNPs (10:50)/ Commercial SiNCs (red
line). All the samples were drop coated from aqueous solution onto coverslips. The

excitation wavelength = 514.5 nm.
143



4.5 Summary

Alkylated SiNCs, commercial SiNCs and their mixtures with erbium trichloride and
silver nanoparticles have been prepared for spectroscopic measurements. The
absorption spectra of SiNCs and their mixtures with erbium trichloride are
characteristic for an indirect band gap of semiconductor. While, localized surface

plasmon resonance (LSPR) peaks are presented as AgNPs mixed with SiNCs.

Both SiNCs either alkylated SiNCs and commercial SiNCs and their mixtures with
erbium show an orange PL emission peak at around 595 nm. Er/Cy;-SiNCs and
Er/commercial SiNCs also exhibit weak PL emission peaks at 1536 nm which originate
from the intra-4f transition in erbium ions (Er**). The PL peak (595) of Er/C1;-SiNCs and
Er/Commercial SiNCs are increased in the intensity up to four and three times,
respectively as compared to that of Cy;-SiNCs and commercial SiNCs. Thus, the
intensities of PL peaks of SiNCs are found to be influenced by the chemical

composition of the films which reflects the energy transfer from erbium to SiNCs.

The luminescence and Raman spectra of both SiNCs and their mixtures with
erbium ions were investigated by confocal Raman spectroscopy. The characteristic
broad luminescence peak confirmed the presence of SiNCs. The wavelength of this
luminescence signal of SiINCs in aqueous medium in presence of trivalent erbium shifts
to a lower wavelength due to the formation of oxides which would cause a blue shift
to higher energy based on the quantum confinement effect. This suggests that the
blue shift arises from states which related to the surface oxide on SiNCs. Thus, the
surface chemical composition must play an important role in the blue shift of the
luminescence of SiNCs when they mixed with erbium ions. This data suggests that the
origin of the luminescence from SiNCs either C1;-SiNCs or commercial SiNCs could be
attributed to direct band gap transitions in SiNCs and to radiative recombination of

excitons through the oxidation surface of SiNCs.

However, this chemical mixing route which used in this work leads to transferring
energy from erbium ions to SiNCs not as we expected from excited SiNCs to Er¥* as
confirmed by PL and Raman investigations. In addition, this simple chemical mixing of
SiNCs and erbium ions does not provide efficient PL from erbium ions when they mixed
with both types of SiNCs but it has a significant effect on the PL of SiNCs.
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Silver nanoparticles in two different concentrations i.e. (1:5) and (10:50) were
used as plasmonics metal nanoparticles due to a robust surface enhanced Raman
spectroscopy (SERS) effect that observed when they mixed with alkylated SiNCs and
commercial SiNCs using an excitation source of 488 nm. A significant enhancement up
to 10 and 4 times in the SERS intensity was observed using confocal Raman
spectroscopy for AgNPs (1:5)/C1;-SiNCs and AgNPs (10:50)/C4:-SiNCs, respectively. A
similar observation was also reported for the commercial SINCs when they mixed with
AgNPs (1:5) and AgNPs (10:50); where the intensity of the SERS signal increased up to
9 times and 3 times, respectively. Our study suggests that the larger AgNPs (1:5)
caused an optimum enhancement in SERS intensity of both types of SiNCs while the
smaller particles (10:50) caused a significant lack of the luminescence. However, this
enhancement in SERS intensities occurs as a result of the coupling between the
excitation laser light (488 nm) and the plasmon bands of AgNPs; thus this intense field
at AgNPs surface couples strongly to SiNCs. It was also found that in this work, the
luminescence peak of SiNCs blue shifted in presence of AgNPs. This blue shift can be
due to (i) strong coupling of LSPR of AgNPs to surface oxides of SiNCs and (ii) LSPR
couples strongly to states near the direct gap of SiNCs, which radiative more

efficiently.

The SERS effect of AgNPs/Commercial SiNCs mixtures was also investigated using
514.5 nm as an excitation source. Our data suggest that a considerable SERS effect
obtained when AgNPs excited using excitation source of 488 nm rather than 514.5 nm.
This phenomenon supports the thought that a good match between the wavelength of
the laser excitation source and SPR absorption band of silver nanoparticles consider to
be an important requirement in SERS experiments. Furthermore, the intense SERS
effect which observed during this project where AgNPs mixed with SiNCs suggests that
AgNPs which synthesized by a green method can be used in some application such as

SERS substrates.
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Chapter 5

Metal-enhanced Luminescence of Silicon Nanocrystals
(SiNCs): Effects of Nanoparticles and Molecular Electron

Donors & Acceptors on the Photofading Kinetics

In this chapter, we report investigations of the enhanced PL observed in drop-
cast films of silicon nanocrystals (i.e. C11-SiNCs or commercial SiNCs) mixed with either
noble metal nanoparticles (Ag, Au) or one-electron donors/acceptors
(ferrocene/FeCls). These experiments are designed to test the hypothesis that electron
injection into the SiNCs is responsible for the diminution of the photofading and
contributes to the overall PL enhancement. First, we describe the model used to
analyse the experimental photofading data. Then, we discuss the changes in the initial
and steady-state PL spectra under irradiation with the 488 nm line of an argon ion
laser. Then, the reversibility of the photofading process is studied. Furthermore, the
photofading curves of the luminescence under continuous wave (CW) irradiation have
been fitted with distributed kinetics model. The evidence of injection of electrons into
SiNCs under irradiation has been provided by a comparison of the photofading curves

in the presence and absence of AgNPs and AuNPs or the one-electron donor.
5.1 Model

The photofading of SiNCs under CW irradiation has been treated previously1 by
an amended version of the original random telegraphing model of Efros & Rosen?.
Here, we briefly describe the model and state those relationships which are of use in

analysing the present data on metal-enhanced luminescence.

w kq ken
|0) + nhw < |1) = |2) = |1) 5.1
Kor Krad
1) = [1") — |0) 5.2
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SiNCs are excited from their ground state |0) to an excited state|1) by absorption
of 1 or more photons i.e. n photons at a rate W. Autoionization of the particles with a
rate constant (inverse lifetime) of k, produces a charged state |2). The particles may
then discharge by electron-hole recombination with a rate constant k,,. The excited
state |1) may also undergo vibrational relaxation k,, and radiative decay k,,; to
produce the measured photoluminescence. The excited state |1) is therefore ’bright’
whereas the charged state is expected to be ‘dark’ because of a rapid non-radiative
decay pathway for excited states formed upon absorption of photons by state |2). For
simplicity, this pathway is not shown explicitly in the model because it is assumed that
the internal quantum vyield for ’dark’ particles in state |2) is zero. The measured
radiative lifetime is k44 = 20 us (modal value);? the rates of absorption and emissions
are therefore much faster than the rate of the ionisation (of order of 100 ms) and
recombination processes (minutes) and the applied light field rapidly establishes a
quasi-equilibrium between the ground and excited states |0) and |1). The kinetic
equations describing the photofading can be written solely in terms of the ionisation
(kq = T; 1) and recombination (k. = T,;!) rates:
% = — ;l,—: + :Tzh 5.3
Where n; and n, are the populations of the neutral excited state and the dark
charged state, respectively. T, and T,, present the characteristic decay times for
autoionization and electron-hole recombination, respectively. In the limit kt - oo we

showed that:

-1 _ i 1 . _ kLh
Ut o, Tk Tkt >4

and

Ty Iso

FU ATen  To—le 5.5

f[I (4; A] is the ratio of excited stats |1) to ground states |0) at long times and
is an increasing function of intensity, I, and a decreasing function of wavelength, A, as
a result of the absorption spectrum of alkylated SiNCs.* In equation 5.5 the initial, Iy,

and steady-state, I, intensities are defined as the integrals of the intensity over the
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spectrum of the emitted light excluding elastically-scattered light. The quantity f is not
easy to measure experimentally because it would require an absolute measure of the
light emitted from the focal volume as well as that collected by the objective.
However, it is clear from equation 5.4 and 5.5 that the rate constant k extracted from
the photofading curves is related to both k, and k., and the steady-state PL intensity

is proportional to k., /k,.

We have previously1 shown that it is possible to estimate the function f and
make a quantitative analysis of k, and k. as long ask, > k. . In the case of metal-
enhanced PL, we find that k., increases and therefore a separate determination of
k, and k. is subject to large uncertainties. Nevertheless, it is clear that the observed
rate constant k extracted from the photofading curves increases if k. increases. It is
also clear that the steady-state PL intensity increases as k,p increases and the ratio

Iy/I decreases.

5.2 Fading photoluminescence and luminescence spectra of alkylated SiNCs and their

mixtures with metal nanoparticles and molecular electron donors & acceptors

The decay of the luminescence of SiNCs and their mixtures were investigated
using a confocal Raman microspectroscopy. When the sample is irritated by 488 nm
wavelength light, the intensity of luminescence is detected at each time point and
plotted against the time. The spectra were recorded every 1 second for a time period
of 300 seconds. The wavenumber range was chosen from 200 to 7000 cm™ in order to
exclude the reflected light. The photoluminescence decay of SiNCs was measured first
so that the other mixtures of metal nanoparticles or the electron donors/acceptors can
be compared. This measurement was repeated for each sample. The preparation
method of the films on glass slides by drop-cast technique is given in more details in

(Chapter 2, section 2.3.10).

Figure 5.1 exhibits a typical dark field image of Cy;-SiNCs and C;;1-SiNCs
containing (1:5) AgNPs, (10:50) AgNPs, 0.41 mM AuNPs, 1 mM FeCyoHyp and 1 mM
FeCl; drop-casted onto a glass coverslip. Figure 5.2 and figure 5.3 show the temporal
behaviour of the photoluminescence fading of alkylated SiNCs and their mixtures with
metal nanoparticles (Ag, Au) and one-electron donors/acceptors (ferrocene/FeCls). It

was observed that the initial intensity of the luminescence is large (I,) when the CW
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laser light is first incident on the film of C;;-SiNCs and their mixtures. As kt - oo, the [,
decays to a steady-state value . It was observed that the irradiation time of 5
minutes is enough to reach the steady-state. The population of emissive SiNCs decays
to a limit due to the ratio of charged particles (dark state) to excited particles (bright
state) increases until steady state is achieved where the rates k, (charging) and k.,
(recombination process) are balanced. These observations are similar to those of

Rostron et al*.

The time dependence of photoluminescence fading curves have been fitted
using double exponential equation (5.7) which presented in section 5.4. However, in
order to present the quality of the fitting equation (5.7), figure 5.4 displays the
intensity residual of the alkylated silicon nanocrystals with their mixtures of noble
metal NPs and the one-electron donors/acceptors. The intensity residuals of C;;-SiNCs
and their additives show that the equation of the fitting (5.7) matches well with the

raw data. This is the main reason of showing the intensity residual in this work.
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Figure 5.1: Reflected light images of (a) C11-SiNCs, C11-SiNCs containing (b) (1:5) AgNPs,

(c) (10:50) AgNPs, (d) 0.41 mM AuNPs, (e) 1 mM FeCyoH1p and (f) 1 mM FeCls drop-cast

on glass coverslip. The scale bar = 10 um.
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Figure 5.2: (a) Time-dependent photoluminescence of Cy;-SiNCs presenting the decay
of intensity | from initial intensity I, to a steady-state value I,. The excitation
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to equation (5.7). The black curve is the raw data while the red curve is the fitted data.

(c) Plot of the intensity residual I(t) — I¢;;(t) as a function of time with slope - 0.108 +
fit
0.399 cps’.
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Figure 5.3: Time-dependent photoluminescence of C;;-SiNCs containing (a) (1:5)
AgNPs, (b) (10:50) AgNPs, (c) 0.41 mM AuNPs, (d) 1 mM FeCyoH10 and (e) 1 mM FeCls
showing the decay of intensity | from initial intensity I, to a steady-state value I,,. The
excitation wavelength = 488 nm. The black curve is the raw data while the red curve

presents the fit of the intensity | over time recorded at A = 488 nm to equation (5.7).
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Figure 5.4: Plot of the intensity residual I(t) — Ir;(t) as a function of time of Cy;-SiNCs
containing (a) (1:5) AgNPs with slope 0.117 + 0.489 cps?, (b) (10:50) AgNPs with slope
0.352 + 0.317 cps?, (c) 0.41 mM AuNPs with slope - 1.051 + 1.459 cps?, (d) 1 mM
FeCioH1o with slope - 4.533 + 1.134 cps2 and (e) 1 mM FeCls with slope 0.370 + 0.770

cps’.

An investigation of PL spectra at different times during the decay period shows
clear evidence that the PL fading is originated by a physical process rather than any
chemical reaction. Figure 5.5 and figure 5.6 show PL spectra of C;;-SiNCs and their
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mixtures with metal nanoparticles and molecular electron donors & acceptors which
shown in figure 5.2 and figure 5.3 at the commencement of irradiation, after 100 s
and after 300 s, when the intensity I has nearly reached its steady state limit. Table 5.1
shows the scale factor and the offset when the time = 100 seconds and time = 300
seconds in order to facilitate comparison for each investigated samples. After
normalization, it is clear that the PL spectra are identical with respect to shape and
position. In addition, it is not expected that the chemical reaction occurs when the
laser light exposed to the SiNCs and their mixtures with nanoparticles and molecules.
This is because the PL spectra should change if any chemical process happens.
Subsequently, figure 5.5 and figure 5.6 are showing that each spectrum at different
time points has the same shape, so no chemical reaction is occurring, only the
intensities change; except for FeCl3/C;11-SiNCs mixture which has a red shift after 100

seconds and 300 seconds.
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Figure 5.5: PL spectra of Cy;-SiNCs recorded at 0 s (black curve), 100 s (green curve)
and 300 s (red curve). The laser light A = 488 nm. The spectra recorded at t = 100 and
300 s have been shifted higher by 300 and 335 counts and multiplied by 2.2 and 2.4

respectively to simplify comparison.
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Figure 5.6: PL spectra of Cy;-SiNCs containing (a) (1:5) AgNPs, (b) (10:50) AgNPs, (c)

0.41 mM AuNPs, (d) 1 mM FeCyoH1 and (e) 1 mM FeCls. The spectra recorded at 0 s

(black curve), 100 s (green curve) and 300 s (red curve). The laser light A = 488 nm.
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Scale factor Offset Scale factor Offset
Investigated Samples
Time=100s | Time=100s | Time=300s | Time =300s

(1:5) AgNPs/Cy;-SiNCs 1 300 1.02 335
(10:50) AgNPs/Cy1-SiNCs 1.12 300 1.32 335
0.41 mM AuNPs/Cy;-SiNCs 1 300 1.89 350
1 mM FeCyoH10/C11-SiNCs 7.5 320 7.8 330
1 mM FeCl/Cy;-SiNCs 3.5 300 3.9 320

Table 5.1: The scale factor and the offset values of normalization PL spectra of the

investigated samples when time= 100 seconds and time= 300 seconds.

As mentioned above that figure 5.5 and figure 5.6 show the luminescence
spectra at various times irradiation for SiNCs films and films containing mixtures of
SiNCs and Ag or Au NPs and (ferrocene/FeCls). The spectra for drop-cast films of SiNCs
alone show the characteristic feature of SiNCs PL — a large Stokes’ shift between the
excitation line at 488 nm and the emission peak at a Raman shift = 5000 cm™ or 650
nm in terms of wavelength. The Raman band of the Si core is clearly visible at = 515
cm™ and the second order feature at = 960 cm™>.% The C-H stretching modes of the Cq;
alkyl capping are present as a weak band just under 3000 cm™. In bulk Si, the first
order Raman band is at 520.7 cm™ and the blue shift in the SiNCs is a known effect of
size quantisation on the optical phonons.6 Together, these Raman & PL features

. . . . 4 7-
confirm the current samples are consistent with our previous reports.”

It is clear that there is a substantial increase in overall spectral intensity in the
presence of metal NPs, however the AgNPs/C;;-SiNCs samples (see figure 5.6a-b) also
show intense sharp features due to Raman scattering at 1358 cm™ and 1585 cm™.
These two bands are assigned to bending vibration modes of the CH, originating from
the carbon chain of SDS molecule used to prepare AgNPs and of the undecyl capping of
the SiNCs.!® ™ Other Raman bands from molecular species employed in the
preparation are also visible in figure 5.6a-b; the band at 400 cm™ is assigned to 503_;
while the Raman band at around 2850 cm™ associated to C-H stretching vibrations
modes of the carbon group of dodecyl sulphate molecule.'® In addition, the band at =

3000 cm™ in figure 5.6d is assigned to the sp”C-H stretching mode of ferrocene.?
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In order to estimate the PL enhancement, we compared the integrated intensity
of the spectra between 200 and 7000 cm™ and also integrated over a time of 300s of
irradiation. The values in table 5.2 show the ratios of integrated intensity of the various
mixtures against the pure alkylated SiNCs spectra, but with the intensity of CH, Raman
bands subtracted from the integral for the samples containing AgNPs. The CH,
bending/deformation Raman bands are sufficiently large to account for 20% of the
integral intensity in those spectra, but the enhancement are still very substantial up to
a factor of X30 in the case of (10:50) AgNPs sample. This is comparable with

enhancements ratios of X60 and x50 in other AgNPs/SiNCs systems.*> **

However, an
effect which we have not accounted for in table 5.2 is the SERS background.®® This has
typically not been accounted for in other estimates of large enhancement factors in
the AgNPs/SiNCs system,”® but it may be significant. A crude estimate was obtained
from control experiments in which samples of nanocrystalline commercial silicon
powder (SiNCs: mean particle diameter = 65 nm) were mixed with AgNPs (1:5) and
AgNPs (10:50) in the same manner as for alkylated SiNCs. The PL spectra of commercial
SiNCs in these mixtures were similar in appearance to those of AgNPs/C11-SiNCs (see
section 5.7), but with an integrated intensity of = 30% of the AgNPs (1:5)/C;3-SiNCs
sample and = 18% of the AgNPs (10:50)/C1,-SiNCs sample respectively. We interpret
these spectra as being dominated by the SERS background — they do not show the
same photofading (I,/I, =~ 1.1+ 0.3;n = 10) as commercial SiNCs— and assume that
the contribution of the SERS background to the enhancement factors in table 5.2 is
approximately 30% of the AgNPs (1:5)/Cy1;-SiNCs sample and 18% of the AgNPs (10
mM)/C11-SiNCs sample. The PL enhancement in the presence of AuNPs of similar size
(the average diameter = 20 nm)*® is an order of magnitude lower. We attribute this to
the unfavourable longer wavelength of the plasmon band in AuNPs i.e. 520 nm
compared to AgNPs i.e. 400 nm; the optimal situation for SERS, and likely for metal-
enhanced PL also, is that for which the wavelength of the incident light is to the low

energy side of the plasmon resonance.’
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+0.41
+(1:5) +(10:50) +1mM +1mM
Cll-SiNCS mM
AgNPs AgNPs Ferrocene FeCls
AuNPs

Replicates: (n=12) (n=17) (n=15) (n=9) (n=10) (n=11)

PL
1.0 14 +2 39+8 34+04 5.1+05 | 0.7+£0.2
enhancement

Table 5.2: Photoluminescence intensity for alkylated SiNCs under irradiation at 488 nm

from an argon ion laser and in the presence of noble metal nanoparticles and one-
. . . 300 .
electron donors/acceptors. The intensity reported is fo I (t)dt, i.e., the spectral

intensity I integrated over the full range of the wavenumbers (excluding elastically
scattered light) and over a period of 5 min of irradiation. The enhancement factors
have been corrected to exclude the SERS bands, but as discussed in the text, may

overestimate the real enhancement because of the presence of the SERS background.

However, the most obvious difference between the spectra in the presence of
AgNPs and their absence is the very large blue shift around 3500 cm? of the emission
maximum (see figure 5.6a-b). The coupling of the plasmon resonance to excited states
of the alkylated SiNCs will be more effective for those states near the laser energy,
therefore we suggest that the observed PL corresponds to emission from states at
energies higher than those responsible for the usual 658 nm emission band of the pure
alkylated SiNCs. For both AgNPs/C;1-SiNCs and AgNPs/commercial SiNCs samples, the
position and shape of the spectral features are dominated by the optical properties of
the AgNPs and difficult to distinguish for SERS background effects. The blue shift is less
for the AuNPs (although still large = 2500 cm™), because the plasmon resonance is at
lower energy (A = 520 nm) than the laser (A = 488 nm) as shown in figure 5.6c.
Nevertheless, it is clear that simple mixtures of alkylated SiNCs with noble metal
nanoparticles yield substantial increases in the intensity of emitted/scattered light. In
the following sections, we observe in more detail the effects of these metal
nanoparticles on the photofading kinetics and discuss their role as electron donors. In
addition, we have obtained spectra for two molecular species (ferrocene and FeCls)

which can act as an electron donor and acceptor respectively, but do not possess the
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plasmon resonance typical of metals. Interestingly, there is also blue shift (= 2000
cm™) in the PL spectrum of alkylated SiNCs in the presence of the one-electron donor
ferrocene as well as a substantial X5 enhancement of the PL. Ferrocene is stable in the
Fe(ll) and Fe(lll) states; ferrocene, the Fe(ll) state is orange in colour with only a very
weak absorption tail in the blue region of the visible spectrum, but ferrocenium, the
Fe(lll) state formed upon electron loss, has a substantial absorption in the red at
about 620 nm (€ = 350 M cm™)."® It is therefore possible that the apparent blue shift
is simply a result of self-absorption of the long wavelength emitted light in the sample

film. Neither ferrocene itself nor FeClzwas not observed to show any PL.
5.3 Reversibility of the photofading of alkylated SiNCs

Figure 5.5 and 5.6 also illustrate the evolution of the PL spectra with irradiation
time. In each sample, the spectra are scaled so that the maximum intensity is 1.0
irrespective of the time; this facilities comparison of the shape of the spectra at
different times of irradiation. In figure 5.5 the 3 curves corresponding to the initial,
t = 100s and t = 300s spectra superimpose closely, except for the Raman bands
previously discussed at 515, 960 and = 3000 ecm™ which are time-independent and
therefore are enhanced at t = 300s by the scaling applied to the PL. The lack of any
changes in spectrum has reported previously1 and is simply interpreted in terms of the
model if state |2) is entirely dark and the PL is entirely due to state |1) via the
sequence of equation 5.2. In other words, all that changes during the photofading

experiment is the population of state |1).

Figure 5.7 shows also that the PL recovers after a period in which the irradiation
is interrupted; the reversibility of the photofading and the lack of changes in the
spectra support our interpretation that the fading is a physical rather than a chemical
process. Therefore, no chemical reaction occurs to SiNCs during the irradiation time,
such a reaction would be an irreversible at room temperature and would also change
the PL spectrum through introduction of defect states or a reduction in the size of Si
core. The model we apply instead interprets these effects as a reversible charging of
the alkylated SiNCs and this possibility is supported by previous observations of

reversible charging/discharging in X-ray photoemission experiments.*?
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The laser was switched on for 300 seconds then turned off for 60 seconds and
then was repeated twice for a similar time. It was observed that the second initial
intensity is less than the previous initial luminescence due to that all the particles do
not recover while the laser switches off as also observed by Rostron et al*. It is known
that the majority of alkylated SiNCs become charged at the focal point when the
photoluminescence reached the steady-state where the SiNCs under CW irradiation. In
contrast, the electron-hole recombination dominates when the CW laser light is

switched off.
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Figure 5.7: Intensity against time for photofading of Cy;-SiNCs under irradiation with
the 488 nm line of an argon ion laser. The intensity plotted is the integral of the
spectrum at each time point over the wavenumber range 200-7000 cm™. At t = 300s
the irradiation was interrupted for 60s by closing the shutter (the intensity in this
period is simply the integral of the dark counts on the CCD which has not been
subtracted). When the shutter was reopened at 360s some of the initial intensity was

regained.

In mixtures of Cy;-SiNCs with AuNPs (figure 5.6c) or C;1-SiNCs with ferrocene
(figure 5.6d) we also find PL spectra which are independent of irradiation after scaling,
although a small tail appears on the low energy side of the t = 300s spectrum for
AuNPs/C11-SiNCs. The interpretation of the AgNPs/C11-SiNCs spectra (figure 5.6a-b) is
less clear-cut because of the substantial contribution from SERS bands; however these
spectra are still consistent with the simple model. The case of FeCl3/C;,-SiNCs sample is
different; there is a substantial redshift (= 1000 cm™) under irradiation and this sample

clearly has a more complex behaviour than the model of equation 5.1 and 5.2.
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5.4 Dispersed kinetics of photofading

Figure 5.2 and figure 5.3 show typical examples of photofading experiments;
under CW irradiation the PL intensity decays with time. The connection between the
photofading of ensembles of QDs and the statistics of the blinking phenomenon has
been explored in the case of (CdSe)ZnS core-shell particles.”’ We prefer to fit the
photofading curves directly to extract the rate constant k which describes the fading
using a distributed kinetics model which generalises the simple first order kinetics of
the random telegraphing model of NCs blinking described above (section 5.1). In
previous work, we have shown that a simple long-normal distribution of k, i.e., a
Gaussian distribution of activation energies, provides a satisfactory regression model.’
In this project, we show that the same model also can be fitted to the photofading
curves in the presence of metal NPs (Ag, Au) and iron-based electron donors and

acceptors (ferrocene, FeCls).

The dispersed kinetics treatment is preferred over multiexponential or stretched-

L2 |n brief, it is natural to expect a

exponential models for the reasons discussed in
distribution of rates for heterogeneous system such as NCs and the parameters
obtained in the regression analysis have a clearer physical meaning than the rate

constant or lifetimes extracted from multiexponential fits or the parameter  from a

t\B
stretched exponential expression such as e_(?) . In addition, the dispersed kinetics

treatment has fewer floating parameters (amplitude, mode and width of the

distribution) than even a double exponential fit (two amplitudes and two lifetimes).

According to the model on which we base the analysis, each SiNCs may be either
bright or dark according to whether it is uncharged or has undergone photoionization®
and the concentrations of bright particles is proportional to the intensity of the
luminescence, I. A first check that the model is consistent with the experimental data
can be made by comparing the spectra obtained upon initial radiation and at longer
times. Figure 5.5 and figure 5.6 show that, as expected, the spectra change in the
intensity, but do not change shape with extended times of irradiation. It is therefore
consistent to interpret them in terms of the population of bright (|1)) and dark (|2))

states described in the theoretical model.

163



If I, is the luminescence intensity at the commencement of irradiation and I, is
the steady-state intensity, the decay of I, to I, is modelled by a lognormal distribution
of rate constant k which represents the heterogeneity in the sample. The parameter
(k) is the most probable value of the rate constant for the first order photofading and
y is the spread of the Gaussian distribution of Gibbs energies for the reaction in units

of RT:

AG=AG— yRTx andP(x)z%e‘xz 5.6
The distribution of the rate constant is obtained from: k = (k) e¥* and the
regression model which was employed to analyse the data is the first order decay of

bright states averaged over the Gaussian distribution:
_ o—ln) (o _x2 _gteV*
= === Jo e % e dx + I 5.7

The model was fitted to the data using the Levenberg-Marquardt method and an
extended Simpson's rule using 100 integration points was used to evaluate the integral
on the range u [ — 1,1 ] after making the transformations Inu = x and splitting the
original range into [— o, 0] and [0, c]. Four parameters were extracted from the
fitting of equation 5.7 to the photofading curves: I, I, , (k) and y. Tables 5.3 and 5.4
show the values of these parameters for six types of sample and their means and

standard deviation over a number of replicate experiments. In addition, we report the
L ) ) . . . 300
time-integrated intensity over a period of 300 seconds irradiation fo Idt and the

ratio of the initial and steady-state intensities, I /I .

The curves in figures 5.2b and 5.3 have been normalised by I, in order to display
all the data together. The residual is shown on each trace and for most of the samples,
we found a good fit of equation 5.7 to the data, as judged by a small residual (= 1%)
which showed no systematic deviations from zero (see figure 5.2c and 5.4). The
exceptions to this were photofading curves for the AgNPs (10 mM)/C1;-SiNCs samples
(5.3b) in which systematic deviations were typically observed. We suggest that these
are related to heating effects in the confocal volume. This is due to that AgNPs (10
mM)/C11-SiNCs sample has a biggest enhancement comparing with other sample (see

figure 5.6). Thus, the heating effect is generated as a result of the enhancement in the
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SERS intensity of AgNPs (10 mM)/Cy;-SiNCs sample as observed by Liang et al.?* They
assigned the heating effects in the confocal volume to the significant enhancement in

the Raman intensity caused by AgNPs.
5.5 Effect of metal nanoparticles on the photofading kinetics of alkylated SiNCs

The presence of either AgNPs or AuNPs in a simple mixture with alkylated SiNCs
produces a substantial enhancement of the integrated intensity, up to X30 in the case
of alkylated SiNCs mixed with 10 mM AgNOs preparation (mean particle size = 30 nm).
It is also noteworthy that the extent of photofading, measured by the ratio I,/I, is
substantial less in the presence of metal NPs. The normal explanation for the PL
enhancement by metal NPs is in terms of the efficient coupling of the excitation light
to the SiNCs via the surface plasmon resonance of the metal NPs and of the coupling of
the emissive states to the NPs. SiNCs have a relatively low absorbance at 488 nm, but
the absorption coefficient of metal NPs near the plasmon resonance is known to be
very large and so long as the SiNCs are within the range of the near-field at the metal
surface, the rate of absorption can be much greater. However, such an effect does not
account for the observation of a smaller I/I,, ratio in the presence of NPs; in fact, this
ratio might be expected to increase because the rate of photoionization depends on
the number of SiNCs in an electronic excited state. If the rate of recombination does
not increase proportionally, then the steady-state PL intensity will decrease and the
ratio Iy/l,, will increase. The decrease in the ratio I,/I, by a factor of 3-5 in the
presence of Ag or Au NPs therefore provides evidence that there is a second
mechanism for the enhancement of the PL; we suggest that the metal NPs act as a
source/sink for electrons that are transferred to the SiNCs and neutralize the positive
charged particle which formed under irradiation and increase the rate of
recombination (k.p |2)). This effect increases the PL because state |2) is dark and only

state |1) is emissive.

The metal NPs also have a substantial effect on the kinetics of the photofading;
the most probable rate constant describing the decay of the initial intensity towards
the steady-state increases and the width of the distribution of rates decreases. The
increase in the modal value of the rate constant is quite expected on the basis of the

reaction scheme (equations 5.1 and 5.2). In an analogues manner to the well-known
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behaviour of chemical reactions near equilibrium, the observed rate constant is the
sum of the forward and backward rate constants. In the present case, the system is not
at equilibrium, but rather tends towards a steady-state at long times, nevertheless the
steady-state is reached more quickly if either the rate of ionization or of recombination
increases (equation 5.4). The AgNPs and, to a lesser extent the AuNPs act as sources of

electrons and can quench the charge developing on the alkylated SiNCs in the focal

volume.
+(10:50)
C11-SiNCs +(1:5) AgNPs + 0.41 AuNPs
AgNPs
Replicates: n=12 n=17 n=15 n=9
107 x [ 1dt /
1.96 £+ 0.17 34.2 £0.50 949+7.0 6.62 £0.30
counts
10° x Iy / cps 1.44 £0.21 16.1£0.30 58.6 £ 6.2 4.44 +0.28
10” x I / cps 0.208 £ 0.044 10.7 £0.20 26.9+2.6 2.88 £0.10
0.461 + 0.146
(k) /s~1 0.125+0.007 | 0.368  0.004
0.004 0.014
y 3.60+0.45 2.35+0.55 1.00+0.42 | 2.47+0.40
Iy/I 6.9310.64 1.45+£0.03 2.16 £ 0.08 2.14+0.14

Table 5.3: Kinetic data from photofading experiments on alkylated SiNCs in the
presence of AgNPs and AuNPs.

However, the decrease in the width of the distribution of rates does not follow
naturally from the reaction scheme in the same way. Excitation of only localized oxide-
relate states at the alkylated SiNCs surface is quite likely to result in a narrower
distribution of rates, especially considering that such stats are less sensitive to particle
size. The narrowing distribution of the y could be explained in the following way.
Zidek et al® ** discuss the effect of the surface on the emitting state as there may be
many, slightly different emitting states even in a single particle. Also, our group was
observed that oxide-rich parts of the C1;-SiNCs may have localised states that emit
light blue shifted compared to un-oxidized parts of the particle on the surface.” This
explains why the y is big for the pure C;;-SiNCs because 488 nm light penetrates very
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far into SiNCs because the absorbance is rather weak at 488 nm then all the different
possible excited states will be excited and emit and so big spread is likely to occur. In
the presence of metal nanoparticles i.e. AgNPs and AuNPs, the 488 nm light mostly
does not excite the SiNCs directly, but is absorbed by the plasmon band and the near
field of the plasmon couples to the SiNCs and excites it. However, the near-field is only
strong "near" to the metal particle surface and so maybe can only excite states in the
SiNCs near to the metal, i.e. on the surface of the SiNCs. It is then logical that the
emission would be has a narrow distribution because only close to surface states, not

core states are excited and small spread is likely to happen.

5.6 Effect of one-electron donors and acceptors on the photofading kinetics of

alkylated SiNCs

+1mM +1mM
C11-SiNCS
ferrocene FeCls
Replicates: n=12 n=10 n=11
107 x [ 1dt /
1.96 +0.17 10.0+£0.20 1.4+0.18
counts
10 x Iy / cps 1.44+0.21 4.64 +0.45 4.26+0.17
10° x Iy, / cps 0.208 £ 0.044 3.33+0.06 2.17£0.13
0.150 +
(k) /s71 0.125+0.007 | 0.240 +0.015
0.048
4 3.60 £ 0.45 2.82+0.11 3.17+0.13
Iy/l» 6.93+0.64 1.12+0.11 2.15+0.22

Table 5.4: Kinetic data from photofading of alkylated SiNCs in the presence of electron

donor or an electron acceptor.

In order to explain the decrease in the ratio I,/I,, by factors of 3-5 in the
presence of Ag or Au NPs, we suggest that exchange of electrons occurs between the
metal NPs and alkylated SiNCs. This is also an important factor contributing towards
the PL enhancement, but cannot easily be distinguished from the usual plasmon-
related effects. To test this hypothesis, we prepared mixtures of alkylated SiNCs with

molecular donors (ferrocene) and acceptors (ferric chloride). It is important to note
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that the concentration of ferrocene and ferric chloride which used during this study is
1 mM. This is because this concentration is sufficient to surround SiNCs with electron
donor and acceptor. Thus, the charge transfer process will achieve. Another reason is
neither ferrocene itself nor FeClzwas not observed to show any PL. However, ferrocene
is a well-known one-electron redox mediator which has rapid self-exchange kinetics
and is known to be stable in both Fe(ll) and Fe(lll) oxidation states. It can therefore
act as a source/sink of electrons in the same manner as metal NPs, but without the
confounding effects related to the surface plasmon of metal NPs. Table 5.4 shows that
ferrocene has a large effect on the ratio 1,/I, which is reduced by a factor of more
than 6 compared to the pure C;;-SiNCs sample. Another redox species, FeCls also
reduces this ratio, but as described in section 5.3 has a complicated effect on the PL
spectrum. Ferrocene also reduces the spread of the rates y to similar extent as do
large AgNPs (1:5) (mean particle diameter 100 nm) and AuNPs. We suggest that this is
because the rate of electron injection into alkylated SiNCs is also a distributed kinetic
process and that those particles for which the injection is rapid do not contribute to

the photofading.

5.7 Fading photoluminescence and luminescence spectra of commercial SiNCs and
their mixtures with metal nanoparticles and molecular electron donors & acceptors
The decay of the luminescence of commercial SiNCs and their mixtures were
investigated using a confocal Raman microspectroscopy. When the sample is irritated
by CW 488 nm wavelength light, the intensity of luminescence is detected at each time
point and plotted against the time. The spectra were recorded every 1 second for a
time period of 300 seconds. The wavenumber was chosen from 200 to 7000 cm™in
order to avoid the reflected light. The photoluminescence decay of commercial SiNCs
was measured first so that the other mixtures of metal nanoparticles or the electron
donors/acceptors can be compared. This measurement was repeated for each sample.
The preparation method of the films on glass slides by drop-cast technique is given in

more details in (Chapter 2, section 2.3.10).

Figure 5.8 presents a typical dark field image of commercial SiNCs and
commercial SiNCs containing (1:5) AgNPs, (10:50) AgNPs, 0.41 mM AuNPs, 1 mM
FeCioH10 and 1 mM FeCl; drop-casted onto a glass coverslip. Figure 5.9 and figure 5.10

present the temporal behaviour of the photoluminescence fading of commercial SiNCs
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and their mixtures with metal nanoparticles (Ag, Au) and one-electron
donors/acceptors (ferrocene/FeCls). It is observed that the luminescence intermittency
of commercial SiNCs follow the similar behaviour of alkylated SiNCs. The time
dependence of photoluminescence fading curves have also been fitted using single
exponential equation (5.7) in section 5.4. However, in order to display the quality of
the fitting equation (5.7), figure 5.11 displays the intensity residual of the commercial
SiNCs with their mixtures of noble metal NPs and the one-electron donors/acceptors.
The intensity residuals of commercial SiNCs and their additives show that the equation
of the fitting matches well with the data. This is the main reason to present the

intensity residual in this work.

It can be seen that the ratio of the initial and steady-state intensities (I/I) of
commercial SiNCs is = 1 (table 5.7); while this ratio I/l is up to = 7 (table 5.4) for
alkyl-capped SiNCs. This significant difference between these two types of SiNCs
suggests that the commercial SiNCs are not easy to ionize as the extent of the
photofading is very small. This can be explained as a result of the different sizes of
SiNCs that used in this work i.e. the average diameter of commercial SiNCs and alkyl-

capped SiNCs is 65 nm and 2.5 nm, respectively.
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Figure 5.8: Reflected light images of (a) Commercial SiNCs, commercial SiNCs
containing (b) (1:5) AgNPs, (c) (10:50) AgNPs, (d) 0.41 mM AuNPs, (e) 1 mM FeCygH1o

and (f) 1 mM FeCls drop-cast on glass coverslip. The scale bar = 10 um.
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Figure 5.9: (a) Time-dependent photoluminescence of commercial SiNCs presenting
the decay of intensity | from initial intensity I, to a steady-state value I,. The
excitation wavelength = 488 nm. The black curve is the raw data while the red curve
presents the fit of the intensity | over time recorded at A = 488 nm to equation (5.7).
(b) Plot of the intensity residual I(t) — I¢;(t) as a function of time with slope - 0.341 +

0.148 cps>.
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Figure 5.10: Time-dependent photoluminescence of commercial SiNCs containing (a)

(1:5) AgNPs, (b) (10:50) AgNPs, (c) 0.41 mM AuNPs, (d) 1 mM FeCygH1g and (e) 1 mM

FeCl; presenting the decay of intensity | from initial intensity I, to a steady-state value

I. The excitation wavelength = 488 nm. The black curve is the raw data while the red

curve presents the fit of the intensity | over time recorded at A = 488 nm to equation

(5.7).
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Figure 5.11: Plot of the intensity residual I(t) — I¢;:(t) as a function of time of

commercial SiNCs contain (a) (1:5) AgNPs with slope -7.704 + 4.769 cps?, (b) (10:50)

AgNPs with slope 0.866 + 1.212 cpsz, (c) 0.41 mM AuNPs with slope 0.009 + 0.048 cpsz,

(d) 1 mM FeCyoHyo with - 0.223 + 0.170 cps2 and (e) 1 mM FeCls with slope 0.056 +

0.113 cps.
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Figure 5.12 exhibits the PL spectra at various times after irradiation for
commercial SiNCs and films containing mixtures of commercial SiNCs and AgNPs or
AuNPs and ferrocene or FeCls. In this work, it is clear that the PL fading is originated by
a physical process rather than any chemical reaction following the same behaviour of
C11-SiNCs and their mixtures. Table 5.5 shows the scale factor and the offset when the
time = 100 seconds and time = 300 seconds, in order to facilitate comparison for each
sample. After normalization, it can be seen that the PL spectra are identical as
observed for alkylated SiNCs and their mixtures; with respect to intensities of the
peaks. However, it is not expected that the chemical reaction occurs when the laser
light exposed to commercial SiNCs and their mixtures with metal nanoparticles and
molecules. This is because the PL spectra should change if any chemical process
happens. Subsequently, figure 5.12 indicates that each spectrum at different time
points has the same shape, so no chemical reaction is occurring, only the intensities

change.
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Figure 5.12: PL spectra of (a) Commercial SiNCs, commercial SiNCs containing (b) (1:5)
AgNPs, (c) (10:50) AgNPs, (d) 0.41 mM AuNPs, (e) 1 mM FeCyoHyo and (f) 1 mM FeCls.
The spectra recorded at 0 s (black curve), 100 s (green curve) and 300 s (red curve).

The laser light A =488 nm.
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Scale factor Offset Scale factor Offset
Investigated Samples
Time=100s | Time=100s | Time=300s | Time=300 s
Commercial SiNCs 1.6 300 1.9 350
(1:5) AgNPs/SiNCs 1.5 350 1.7 355
(10:50) AgNPs/ SiNCs 1.0 320 1.9 350
0.41 mM AuNPs/ SiNCs 1.0 390 1.1 395
1 mM FeCyoH10/ SiNCs 5.0 320 5.9 350
1 mM FeCls/ SiNCs 2.2 315 24 320

Table 5.5: The scale factor and the offset values of normalization PL spectra of the

investigated samples when time= 100 seconds and time= 300 seconds.

The PL spectrum of commercial SiNCs exhibits peak at 520 cm™ which attributed
to bulk Si.”® The Raman feature at 1100 cm™ can be assigned to Si-O vibration mode.?®
In addition, this Raman peak can be also associated to second order of SiNCs.” The
large and broad Raman peak which detected at 2330 cm™ (550 nm) refers to the

luminescence signals from commercial SiNCs.

It is clear that there is a small increase in overall spectral intensity in the
presence of metal NPs, however the AgNPs/SiNCs samples (see figure 5.12b-c) also
show intense sharp features due to Raman scattering at 1350 cm™® and 1580 cm™.
These two bands are attributed to bending vibration modes of the CH, of SDS

10, 11

molecule. The Raman band at 400 cm™ is attributed to 503_; whereas the Raman

peak at about 2850 cm™ assigned to C-H stretching vibrations modes of SDS.™

The integrated intensity of the spectra between 200 and 7000 cm™ have been
reported in order to measure the PL enhancement. Table 5.6 shows the ratios values
of integrated intensity of the various mixtures against the pure commercial SiNCs, but
with the intensity of CH, Raman bands subtracted from the integral for the samples
containing AgNPs. The enhancement is up to a factor of 1.6 in the case of (10:50)
AgNPs while the enhancement in the presence of AuNPs of similar size i.e. 20 nm*® is
less. As mentioned previously this is due to the unfavourable longer wavelength of the

plasmon band in AuNPs i.e. 520 nm compared to AgNPs i.e. 400 nm; the optimal
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situation for SERS, and likely for metal-enhanced PL also, is that for which the

wavelength of the incident light is to low energy side of the plasmon resonance.”’

+0.41
Commercial | +(1:5) | +(10:50) +1mM +1mM
mM
SiNCs AgNPs AgNPs Ferrocene FeCls
AuNPs
Replicates: (n=13) (n=10) (n=9) (n=5) (n=7) (n=6)
PL
1.0 1.3+0.2 | 1605 | 1.2+04 1.0+0.5 | 1.0x0.2
enhancement

Table 5.6: Photoluminescence intensity for commercial SiNCs under irradiation at 488

nm from an argon ion laser and in the presence of noble metal nanoparticles and one-
. . . 300 .
electron donors/acceptors. The intensity reported is fo I (t)dt, i.e., the spectral

intensity I integrated over the full range of the wavenumbers (excluding elastically
scattered light) and over a period of 5 min of irradiation. The enhancement factors
have been corrected to exclude the SERS bands, but as discussed in the text, may

overestimate the real enhancement because of the presence of the SERS background.

Figure 5.12b-c present a large blue shift around 830 cm™? of the emission
maximum which indicates the difference between the spectra in the presence of Ag
nanoparticles and their absence. As mentioned previously this is due to the coupling of
the plasmon resonance to excited states of the commercial SiNCs which will be more
effective for those states near the laser energy. Therefore, we suggest that the
observed PL corresponds to emission from states at energies higher than those
responsible for the usual 550 nm emission band of the pure commercial SiNCs. In
addition, this shift is much lower for the AuNPs (around 130 cm'l), because the
plasmon resonance is at lower energy (A = 520 nm) than the laser (A = 488 nm) as
shown in figure 5.12d. Another interpretation of the blue shift is that it corresponds to
an enhanced SERS background. However, bearing in mind the recent theoretical
description of the SERS background in terms of coupling of the plasmon resonance to
virtual states in the scatterer?’ these two explanations are very similar and the precise
nature of the transitions responsible cannot be determined from steady-state
measurements. Nevertheless, it is clear that simple mixture of commercial SiNCs with

noble metal nanoparticles vyield substantial increases in the intensity of
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emitted/scattered light. However, this phenomenon is constant for alkylated SiNCs
when they mixed with metal NPs. In the following sections, we observe in more details
the effects of those metal nanoparticles on the photofading kinetics and discuss their

roles as electron donors.

We have also detected the PL spectra for ferrocene and FeCl; which can act as an
electron donor and acceptor respectively, but do not possess the typical plasmon
resonance of metals (see figure 5.12e-f). Figure 5.12e shows Raman peak at 4032 cm™
which attributed to C-H stretching mode of ferrocene.’? However, there is a red shift =
590 cm™ in the PL spectrum of commercial SiNCs in the presence of the one-electron
donor (ferrocene), while there is a blue shift = 100 cm™ in the PL spectrum of the
sample contains one-electron acceptor (FeCls) as presented in figure 512e-f. As
discussed previously in the case of alkylated SiNCs mixtures with ferrocene and FeCls,
this shift can be explained as a result of self-absorption of the long wavelength emitted
light in the samples.18 In addition, it also should be noted that ferrocene itself and

FeCl; were not observed to show any PL.
5.8 Reversibility of the photofading of commercial SiNCs

As mentioned above that there is no any chemical reaction occurs to commercial
SiNCs during the irradiation time, subsequently SiNCs will not be oxidised. Therefore,
this would be reversible at room temperature. Figure 5.13 presents the reversibility
luminescence of commercial SiNCs. The laser was switched on for 300 seconds then
turned off for 60 seconds and then was repeated twice for a similar time. It was
observed that the second initial intensity is less than the previous initial luminescence
due to that all the particles do not recover while the laser switches off' as also
observed in the case of alkylated SiNCs. In addition, the majority of SiNCs become in
charged state at the focal point of the Raman microspectroscopy when the
photoluminescence reached the steady-state where the SiNCs under CW irradiation. In
contrast, the electron-hole recombination process solely takes a place when the CW

laser light switches off.
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Figure 5.13: Intensity against time for the photofading of commercial SiNCs under
irradiation with the 488 nm line of an argon ion laser. The intensity plotted is the
integral of the spectrum at each time point over the wavenumber range 200-7000
cm™. At t = 300s the irradiation was interrupted for 60s by closing the shutter (the
intensity in this period is simply the integral of the dark counts on the CCD which has
not been subtracted). When the shutter was reopened at 360s some of the initial

intensity was regained.
5.9 Effect of metal nanoparticles on the photofading kinetics of commercial SiNCs

As discussed previously that the luminescence intermittency process is expected
to be first order according to the random telegraphing model of NCs blinking, figure
5.9 and figure 5.10 present typical examples of photofading experiments; under CW
irradiation. The curves in figure 5.9a and 5.10 have been normalised by I, in order to
display all the data together. It is clear that there is a slight enhancement in the
integrated intensity in presence of either AgNPs or AuNPs as presented in table 5.6.
Therefore, there is no remarkable change in the extent of photofading, measured by
the ratio Iy/l, in presence of metal NPs. Thus, this small enhancement in the
integrated intensity provides also an evidence that the metal NPs act as a source for

electrons; therefore there is increase in the rate of recombination (k. |2)).

Four parameters were extracted from the fitting of equation 5.7 to the
photofading curves: I, , I, , (k) and y . Table 5.7 shows the values of these

parameters for four types of sample and their means and standard deviation over a
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number of replicate experiments. Furthermore, we report the integrated intensity over
. . . . 300 . e
a period of 300 seconds irradiation fo Idt and the ratio of the initial and steady-state

intensities, I/l .

Commercial- +(10:50)
+(1:5) AgNPs +0.41 AuNPs
SiNCs AgNPs
Replicates: n=13 n =10 n=9 n=>5
10%x [ 1dt /
1.03+0.04 1.30+0.12 1.68+0.99 | 1.21+0.20
counts
10° x Iy / cps 3.51+0.18 4.24 £0.17 546 +0.21 4.11+£0.73
107 x I, / cps 341+0.11 3.66 + 0.55 2.85+0.23 4.02 £0.62
0.130 £ 0.140 £
(k) /st 0.036+0.010 | 0.087 +0.021
0.019 0.010
y 2.16 £0.48 1.03+0.10 1.13+0.01 1.31+0.01
Iy/I 1.03+0.01 1.13+£0.30 1.92 £0.27 1.02 £0.02

Table 5.7: Kinetic data from photofading experiments on commercial SiNCs in the

presence of AgNPs and AuNPs.

The metal NPs also have an effect on the kinetics of the photofading; the most
probable rate constant which is describing the decay of the initial intensity towards the
steady-state increases and the width of the distribution of rates decreases. The
increase in the modal value of the rate constant is quite expected on the basis of the
reaction scheme (equation 5.1 and 5.2). In an analogues manner to the well-known
behaviour of systems near equilibrium, the observed rate constant is the sum of the
forward and backward rate constants. As mentioned previously, the present system is
not at equilibrium, but rather tends towards a steady-state at long times, however the
steady-state is reached more quickly if either the rate of ionization or of recombination
increases (equation 5.4). The AgNPs and, to a lesser extent the AuNPs act as sources of
electrons and can quench the charge developing on the commercial SiNCs in the focal
volume. However, this observation is similar to alkylated SiNCs with their mixtures

with metal nanoparticles.
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5.10 Effect of one-electron donors and acceptors on the photofading kinetics of

commercial SiNCs

It is clear that the presence of either one electron donors/acceptors
(ferrocene/FeCl3) does not present any significant effective at enhancing the PL as
presented in table 5.6. Table 5.8 exhibits the kinetic data from photofading of
commercial SiNCs in the presence of ferrocene as an electron donor or FeCls as an
electron acceptor. This table indicates that in the presence of ferrocene and FeCl; the
rate constant (k) increased slightly, a slight decrease in the y values were observed

and there is no remarkable change in the ratio I /1.

Commercial- +1mM +1mM
SiNCs ferrocene FeCls
Replicates: n=13 n=7 n==6
10%x [ 1dt /
1.03 £0.04 1.05+0.16 1.04 £0.02
counts
10 x Iy / cps 3.51+0.18 3.44 +0.15 3.71+0.64
10”° x Iy, / cps 3.41+0.11 3.38+0.04 3.45+0.10
0.181 +
(k) /st 0.036 +0.010 0.182 +0.002
0.008
4 2.16 +£0.48 1.36 £0.01 1.85+0.01
Iy/l» 1.03+0.01 1.02 +0.05 1.07 £0.16

Table 5.8: Kinetic data from photofading of commercial SiNCs in the presence of

electron donor or an electron acceptor.
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5.11 Summary

Under CW irradiation in a confocal microscope, alkyl-capped SiNCs and
commercial SiNCs show reversible photoluminescence fading behaviour. This can be
interpreted by the same model originally proposed to describe luminescence
intermittency, i.e., ’blinking’.’ Particles in an excited state may undergo either
photoionization or radiative decay; the charged particles produced by a
photoionization are dark because there is an efficient non-radiative decay pathway in
which energy transferred from the exciton to the hole. When single particles are
studied, this leads to the well-known blinking phenomenon as particles ionize and later
discharge by electron-hole recombination. In an ensemble, the result is a reversible
photofading as the initial photoluminescence I, decays to a steady-state I, controlled
by the relative rates of photoionization k, and recombination k.. Evidence for this
interpretation comes from three observations: (i) upon cessation of the irradiation,
electron-hole recombination occurs in the dark and the photoluminescence is regained
when irradiation recommences; (ii) we have previously detected the photocurrent
produced under CW irradiation of the SiNCs' and (iii) the initial and steady-state
spectra are identical except for a scale factor. The photofading data can be modelled
as a simple first order decay with a lognormal distribution of rate constants and
therefore characterized by three parameters; (k) the modal rate constant, y which

measurs the spread of activiation free energies in units of RT and 1,/ .

Alkyl-capped SiNCs and commercial SiNCs show enhanced luminescence when
drop cast as films on glass slides in mixtures with Ag or Au nanoparticles. Such metal-
enhanced luminescence is generally explained in terms of the large electric field near
the metal surface upon excitation of the plasmon resonance and an increase in the

radiative decay rate owing to the effect of the plasmon on the optical density of sates.

In this work, we find evidence for a third effect: the metal nanoparticles can act
as a source of electrons and increase the time integrated luminescence intensity by
increasing the rate of electron-hole recombination. In the presence of Ag and Au
nanoparticles with alkyl-capped SiNCs, the modal rate constants (k) increase by factors
of up to 4-fold and the ratios I,/1,, decrease by factors up to 5-fold; this is consistent

with an increase in the rate of electron-hole recombination facilitated by the metal
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nanoparticles acting as a source of electrons. It is also should be noted that the
presence of either Ag or Au NPs with commercial SiNCs are less effective at enhancing
the PL than alkyl-capped SiNCs due to the large average size of commercial SiNCs i.e.
65 nm. Further support for this interpretation comes from the enhancement in the
photoluminescence observed in photofading experiments with films of alkyl-capped
SiNCs mixed with ferrocene; this compound is insulating and shows no plasmon band

but is a well-known one-electron donor.

It is clear that the ratio I/l of commercial SiNCs is = 1; while this ratio Iy/I, is
up to = 7 for alkyl-capped SiNCs. This significant difference between these two types
of SiNCs suggests that the commercial SiNCs are not easy to ionize as the extent of the
photofading is very small. This is due to the different sizes of SiNCs that used in this
work i.e. the diameter of commercial SiNCs and alkyl-capped SiNCs is 65 nm and 2.5

nm, respectively.
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Chapter 6

Conclusions and Future Work

In this chapter, a brief explanation of what was concluded throughout this thesis
is presented. Lastly, the proposed future work will be explained.

6.1 Conclusions and future work

Due to the significant growing interest on SiNCs to be used in different
applications including photonic devices and biological labels, it is desirable to synthesis
these unique structures and investigate their optical properties. Furthermore, the
recent studies’® attempted to enhance the emitted light from SiNCs by using metallic

nanoparticles and rare earth ions.

This thesis has focused on the characterization of two types of SiNCs i.e. Cy3-
SiNCs and commercial SiNCs using different spectroscopic techniques. The data
presented in this research show that the optical properties of SiNCs can be

manipulated by rare earth ions and metal nanoparticles.

Porous silicon was prepared successfully by a galvanostatic etching method of p-
Si(100) wafers followed by a thermal hydrosilation reaction of 1-undecene in refluxing
toluene in order to extract the C;;-SiNCs from porous silicon. The chemical
characterization of C;;-SiNCs was carried out using XPS; they are known to be
crystalline and of diameter about 5 nm from previous work®. The commercial SiNCs
have been characterized using SEM, TEM, HRTEM, AFM, XRD, XPS and FTIR. It was
found that the average diameter of commercial SiNCs is 65 nm and are crystalline with

an FCC lattice.

Erbium trichloride was added to both types of SiNCs using a simple mixing
chemical route. To the best of our knowledge, this is a first investigation on mixing
SiNCs with erbium ions (Ill) by this chemical method. However, the main goal of
mixing SiNCs with erbium ions is to observe the energy transfer from the excited state
of SiNCs to erbium. Erbium is useful because it has a narrow emission spectrum
centred at ~ 1500 nm which is a range of interest in optical fiber technology. The

erbium trichloride hydrolysis to erbium sesquioxide (Er,03) in Er/C11-SiNCs film which
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coat the surface of alkylated SiNCs. The presence of Er,03 on the surface of C11-SiNCs
affects the oxidation state of alkylated SiNCs on the surface as observed by XPS

measurement.

Both SiNCs either C;;-SiNCs or commercial SiNCs and their mixtures with Er®*
were investigated using Raman spectroscopy and photoluminescence (PL). The
characteristic broad luminescence peak confirmed the presence of SiNCs. The
wavelength of this luminescence signal of SiNCs in agueous medium in presence of
trivalent erbium shifts to a lower wavelength due to the formation of oxides which
would cause a blue shift to higher energy based on the quantum confinement effect.
This suggests that the blue shift arises from states which related to the surface oxide
on SiNCs. Thus, the surface chemical composition must play an important role in the
blue shift of the luminescence of SiNCs when they mixed with erbium ions. This data
suggests that the origin of the luminescence from SiNCs either C1;-SiNCs or commercial
SiNCs could be attributed to direct band gap transitions in SiNCs and to radiative
recombination of excitons through the oxidation surface of SiNCs. In addition, the
samples show an orange PL emission peak at around 595 nm originates from Si.
Er/SiNCs mixtures also exhibit a weak PL emission peak at 1536 nm which originates
from the intra-4f transition in erbium ions (Er3+). The PL peak of Si in Er/C11-SiNCs and
Er/Commercial SiNCs mixtures are increased in the intensity up to four and three
times, respectively as compared to pure C1;-SiNCs and commercial SiNCs. The collected
data suggest that this chemical mixing route leads instead to a transfer of energy from

erbium ions to SiNCs.

Metal-enhanced luminescence has been studied for mixtures of SiNCs (either
C1:-SiNCs or commercial SiNCs) with silver nanoparticles (AgNPs). AgNPs of two
different sizes were synthesised using photochemical reduction of AgNO3; with sodium
dodecyl sulphate (SDS). The synthesized AgNPs (1:5) and (10:50) have a polycrystalline
structure with an average particle diameter of 100 nm and 30 nm, respectively.!’ A
significant enhancement up to 10 and 4 times in the PL intensity was observed for
AgNPs (1:5)/C11-SiNCs and AgNPs (10:50)/C11-SiNCs, respectively using an excitation
source of 488 nm. A similar observation was also reported for AgNPs (1:5)/Commercial
SiNCs and AgNPs (10:50)/Commercial SiNCs; where the intensity of the PL signal

increased up to 9 and 3 times respectively, using 488 nm; whereas the intensity of the
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PL signal increased up to 7 and 2 times respectively, using 514.5 nm excitation source.
The enhancement in PL intensities occurs as a result of the coupling between the
excitation laser light and the plasmon bands of AgNPs; thus this intense field at AgNPs
surface couples strongly to SiNCs. The results show that the closer wavelength of the
laser excitation source to the surface plasmon resonance absorption bands of silver
nanoparticles the greater the emission intensity. Our study also suggests that the
larger AgNPs (1:5) caused an optimum enhancement in PL intensity of both types of
SiNCs. It was also found that in this work, the luminescence peak of SiNCs blue shifted
in presence of AgNPs. This blue shift can be due to (i) strong coupling of LSPR of AgNPs
to surface oxides of SiNCs and (ii) LSPR couples strongly to states near the direct gap of
SiNCs, which radiative more efficiently. Furthermore, the intense SERS effect which
observed during this project where AgNPs mixed with SiNCs suggests that AgNPs which
synthesized by a green method can be used in some application such as SERS

substrates.

Under continuous wave (CW) irradiation in a confocal microscope, both types of
SiNCs show reversible photoluminescence fading behaviour. This can be interpreted by
the same model originally proposed to describe luminescence intermittency, i.e.,
'blinking’. When single particles are studied, this leads to the well-known blinking
phenomenon as particles ionize and later discharge by electron-hole recombination. In
an ensemble, the result is a reversible photofading as the initial photoluminescence I
decays to a steady-state I, controlled by the relative rates of photoionization k, and
recombination k.. Evidence for this interpretation comes from two observations: (i)
upon cessation of the irradiation, electron-hole recombination occurs in the dark and
the photoluminescence is regained when irradiation recommences and (ii) the initial
and steady-state spectra are identical except for a scale factor. The photofading data
can be modelled as a simple first order decay with a lognormal distribution of rate
constants and therefore characterized by three parameters; (k) the modal rate

constant, ¥ which measurs the spread of activiation free energies in units of RT and

I,/1s.

C11-SiNCs and commercial SiNCs show enhanced luminescence when drop cast as
films on glass slides in mixtures with Ag or Au nanoparticles. Such metal-enhanced

luminescence is generally explained in terms of the large electric field near the metal
187



surface upon excitation of the plasmon resonance and an increase in the radiative
decay rate owing to the effect of the plasmon on the optical density of sates. In this
work, we find evidence for a third effect: the metal nanoparticles can act as a source of
electrons and increase the time integrated luminescence intensity by increasing the
rate of electron-hole recombination. In the presence of Ag and Au nanoparticles with
alkyl-capped SiNCs, the modal rate constants (k) increase by factors of up to 4-fold
and the ratios I, /1, decrease by factors up to 5-fold; this is consistent with an increase
in the rate of electron-hole recombination facilitated by the metal nanoparticles acting
as a source of electrons. It is also should be noted that the presence of either Ag or Au
NPs with commercial SiNCs are less effective at enhancing the PL than alkyl-capped
SiNCs due to the large average particle size of commercial SiNCs. Further support for
this interpretation comes from the enhancement in the photoluminescence observed
in photofading experiments with films of alkyl-capped SiNCs mixed with ferrocene; this
compound is insulating and shows no plasmon band but is a well-known one-electron

donor.

It is clear that the ratio I/I,, of commercial SiNCs is = 1; while this ratio Iy/I, is
up to = 7 for alkyl-capped SiNCs. This significant difference between these two types
of SiNCs suggests that the commercial SiNCs are not easy to ionize as the extent of the
photofading is very small. This is due to the different sizes of SiNCs that used in this
work i.e. the diameter of commercial SiNCs and alkyl-capped SiNCs is 65 nm and 2.5

nm, respectively.

In terms of developing this research, another technique; for example, ion
implantation should be used to incorporate and to produce optically active erbium
ions into silicon nanocrystals instead of chemical mixing method that used during this

study in order to avoid the oxidation of erbium ion and allow the energy transfer from

/12

Si nanocrystals to erbium. Kik et al"* and Ji et al*® prepared erbium doped SiNCs by ion

12, 13

implantation. They observed that the efficient enhancement in the PL band of

erbium at ~ 1530 nm occur when the Er®* are spaced closely enough to SiNCs in order
to allow the energy transfer process which achieved by ion implantation. Also,

changing the concentration of erbium and SiNCs is required to investigate the effect of

this factor in the PL band of Er. Fujii et a/** [t 16

and Cerqueira et a prepared erbium
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doped SiNCs by sputtering. They**® found that the PL intensity of erbium ions

increases as the concentration of erbium decreased within the SiNCs.

However, it is valuable also to find out a way to prepare mixtures of SiNCs with
metal NPs with high degree in controlling the spacing between the SiNCs and metal
nanoparticles and different shapes of Ag nanoparticles in order to detect the
maximum metal-enhanced luminescence of SiNCs. Rezaee et al*’ controlled the space
between the Au nanoparticles and silicon by using focused ion beam technique.
Rycenga et al'® reported that the shape of silver nanoparticles affect deeply the
plasmonics properties of metallic nanoparticles. Furthermore, AgNPs with sharp

structures are promising candidate for surface enhanced Raman scattering (SERS).®
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