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Abstract 

Three types of nanostructured materials have been investigated: C60 on InP (100), 

Indium clusters on InP (100) and luminescent alkylated-Si quantum dots. 

The growth model and electronic structureOf C60molecules adsorbed on InP (100) 

were studied by XPS and UPS as a function of coverage and annealing temperature. The C 

Is, P 2p, In 4d core levels and the valence band spectra point to the presence of a localized 

covalent bond between C60 molecules and the substrate. No filling of the lowest 

unoccupied molecular orbit derived bands was observed. The absence of any change in the 

surface components of In 4d core level upon C6o adsorption indicated that the 

chemisorption bond exists between the fullerene molecules and phosphorus atoms rather 
than between C60 molecules and indium atoms. This assertion is supported by the 

simultaneous desorption of bothC6o and P upon annealing to 640 K and above. 
The evolution of clean, In-terminated InP (100)-(2 x 4) surfaces is investigated by 

SRPES as a function of annealing temperature. As-prepared InP (100)-(2 x 4) surface are 
found to be free of metallic indium, and the In 4d core level shows two clear surface 

components. A third, indium-cluster-related component appears after annealing above 360 

± 10 OC, due to phosphorous desorption, and is accompanied by a corresponding reduction 

in intensity in the In-P surface component. Further annealing leads to a decrease in binding 

energy of the indium cluster related peak due to increased metallicity and hence core-hole 

screening in the clusters. The increasingly metallic nature of the indium clusters is also 
revealed by the appearance and growth of a Fermi edge in valence band spectra. 

During the course of illumination with 145 eV photons we have monitored the 

evolution of the Si 2p core level, and observed in real time a splitting and growth of a new 
Si 2p component assigned to the Si4+ ionic state of Si. This new peak is attributed to in situ 
oxidation of Si quantum dots caused by photo-induced reaction with water, multilayers of 
which are present on the surface of the as-introduced quantum dots. X-ray excited optical 
luminescence (XEOL) reveals that two bands are active upon soft X-ray photon excitation. 
Surprisingly the 390 nm band (blue light) is the most intense, which is quite different to the 

result for UV photoexcitation, where the 600-700 nm band is the most prominent one 
(orange light). The orange light originated from Si-Si bond, blue light from Si-C bond. The 

ageing phenomenon of photoluminescence is observed but it is reversible. 
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Chapter I General Background and Motivations 

This chapter gives an introduction into the basic concepts and 
background, such as principle of photoemission spectra (PES), 

three step model of photoemission process, the screening effect, 
the mechanism of near edge X-ray adsorption fine structure 
(NEXAFS), three nanostructured systems, and X-ray excited 

optical luminescence (AEOL); review and motivations to this 

work are also given. 
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Chapter I General Background and Motivations 

1.1 Photoemission Spectroscopy (PES) 

One of the most powerful experimental tools for examining the electronic 

structure of a solid or film is photoemission spectroscopy [1]. Photoemission 

spectroscopy (PES) is a much applied experimental technique when it comes to extracting 
information about the occupied electronic structure of solids and their surfaces. The 

principle behind PES is the photoelectric effect where an electron is emitted from a solid, 

molecule, or atom upon the absorption of a photon. Basically, in photoemission 

spectroscopy the kinetic energy, and to some extent, angle-resolved distribution of the 

photoemitted electrons is measured. A very basic prerequisite for doing PES 

(meaningfully) is an answer to the question: How does the PES spectra actually relate to 

the electronic structure of the material? 

When a surface is irradiated by a monochromatic photon beam, electrons are 

emitted by the photoelectric field, see Fig. 1.1. With equipped analyser, the electrons are 

energy analysed. The energy spectrum of the photoemitted electrons provides us with 
information on the occupied electronic states of the surface. 

Fig. 1.1 Schematic illustration of photoelectron emitted by 

monochromatic photon beam 
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Traditionally photoemission is divided into two regimes. These regimes arise 
from the energy ranges available from laboratory-based photon sources. One is Ultra- 

violet Photoemission Spectroscopy (UPS), which employs photons in the ultra-violet 

energy range (Typically two spectral lines from He discharge, He 1: 21.2eV and He II: 

40.8eV). The low photon energy enables us only to access valence band states. Another 

regime is X-ray Photoemission Spectroscopy (XPS) also known as Electron Spectroscopy 

for Chemical Analysis (ESCA), which uses X-rays to excite the surface (Typical X-ray 

lines used are Al Koc with h u= 1486.6 eV and Mg K(x with h u= 1253.6 eV), can access 
both core and valence electrons, although the latter typically with a low cross-section. 
Core lines can provide chemical composition and information on bonding in addition to 

information about some aspects of electronic structure. 

e e- 
hv 

noccupied valence 
---- ------------------------------- 

/ 
---------- 

(a) occupied valence (b) 

V 
corelevel 

e 

0 -. 0- unoccupied valence 
-0- 

---------------- 

/ 

---- ------- (c) 
occupied valence hv 

corelevel 

-00 
-0 ----------------------- 

hv 

Fig. 1.2 X-ray interaction with the electrons: photoemission 

(a) UPS and (b) XPS, (c) Auger electron emission and (d) X- 

ray emission 
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But, now synchrotron radiation has come to play a vital role in photoemission 

spectroscopy. Synchrotron Radiation Sources (SRS) typically provide a continuum for 

photoemission from the far infrared to the hard (h i)>10 keV) X-rays regime, and with 

suitable monochromator photoemission spectroscopy can be performed at any energy in 

this range. Detailed description of synchrotron radiation source and beamline optics can 

be found in section 2.2. 

In addition to photoemission, there are two other types of the photon interaction 

with electrons: Auger electron emission and X-ray emission, although X-ray emission has 

not been detected in this work. Fig 1.2 illustrates the photon interaction with electrons: 

photoemission (UPS and XPS), Auger electron spectroscopy (AES) and X-ray emission 

spectroscopy (XES). 

A fully rigorous theoretical model of photoemission requires a process of electron 

removal through to detection to be treated quantum mechanically as a fully coherent 

process. This approach approaches the photoemission experiment from the viewpoint of a 

one-step process 

A less accurate approach is to model the photoemission process in three steps- 
the three steps model. This approach is both simpler and more instructive. In the three- 

step model we artificially divide photoemission into three independent steps [2]: 

1. Optical excitation of the electron within the crystal 

2. Propagation of the excited electron to the surface 

3. Emission of the electron into the vacuum. During this last process the electron 

traverses the surface. 

Stepl: Excitation 

Fermi Golden Rule gives the transition probability for optical excitation. 

Wfi 
2 '7' ý (TK, IHIT,, )ý2 

(5(Ef 
(Kf Ei (Ki) - ho)) 

h 
2ýýM 

fio5(Ef -Ei -hco) h 
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where i stands for initial state, f stands for final state, hco is the energy of incident 

photons, Ef and Kf, are the energy and momentum of final state respectively; E, and Kj, the 

energy and momentum of initial state, 

The perturbation exciting the system is given by the momentum operator p and the 

vector potential A of incident electromagnetic wave (dipole approximation) 

e (A-p+p-A) -e A-p 
2m m 

(A can be approximated as commuting with p) 

The current of photoexcited electrons with energy E which propagates towards 

the surface is-, 

f' (E, ho, k) - 
21r 2: Mfif(T, Ei)5(Ef (kf) -Ei( ki)-ho)i5(E-Ef(kf», (k_ýý0) 

The function f (T, Ej ) is the Fermi distribution function. It ensures that the initial 

state with E, is occupied. 

Step 2: Propagation 

Once excited the electron must reach the surface. The transport probability D 

(E, k) is proportional to the electron mean free path, X, and is a measure of the probability 

that the electron can reach the surface without undergoing inelastic scattering. 

D (E, k) oc A(E, k) (1.4) 

where X is the electron mean free path, the average distance of electrons running between 

two collisions. 
The process of inelastic scattering causes all information about the electronic 

structure of the sample carried by the electron to be lost. The scattered electrons 

contribute to a strong spectral background called the secondary electron background. The 

small inelastic mean free path of the electrons leads to the high surface sensitivity of the 

photoemission technique even when highly penetrating X-rays are used as the exciting 

radiation. Fig. 1.3 gives the "universal curve" of surface sensitivity, mean free path of 

5 
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electrons vs. kinetic energy of electrons. The form of the curve arises from the following- 

at low energy (up to a fraction of an eV) excitation of lattice vibrations (phonons) 

dominate; between 5-25 eV electron-electron scattering takes over in the form of plasmon 
(collective electron density fluctuations) excitation; at higher energies the photoelectron 

can excite bound electrons into unoccupied levels of the solid and the ionisation 

continuum. From this figure we see that typically electrons would escape from several nm 

beneath the surface. 

0 
r-I 
0 

IWO 
ý4 

r-4 

ct 
(1) 

C 
C 
�I 

AP 

-P 

0 40 

IP 

lop 
W* 

0 
it 

C) 

0 
T-4 

? -.. 4 

1 10 100 1000 100000 

Energy (eV) 

Fig. 1.3 Universal curve of surface sensitivity, which is mean free 

path of electrons in solid as a function of their energy; a 

compilation of a variety of experimental data [2,31 

Step 3 Transmission 

Because of the 2D translational symmetry, the transmission of the electron 

through the surface into the vacuum requires conservation of its wave-vector component 

parallel to the surface, but k, 
_ 

is not conserved (see Fig. 1.4). 
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k ex 
=- kn' + G//. (1.5) 

k ex :# kn'+ G 

Jum 

ct 

[lk 

Fig. 1.4 Conservation of the wave vector component k// (parallel 

to the surface) upon transmission of the emitted electron through 

the surface 

For the external electron on the vacuum side, the k, ' value is determined by the 

energy conservation requirement 

li 2 (k ex )2 h2 
' )2 )21 (1.7) -[(k' + (kl'I' =E _E L vac kin 

2m 2m -L f 

where Ek,, is the kinetic energy of the photoemitted electron under consideration 
(see Fig. 1.5) 

EF 

and let EBbe the initial state binding energy referred to the Fermi level, thus 

ho)=Ef -Ei =Ekin+O+EB 

7 



Chapter I General Background and Motivations 

Ef 

ol 

Ek 

Eac 

9EF 

EB 

Ei 

Fig. 1.5 Energy conservation relationship when an electron 

is transmitted through a surface. 

Transmission through the surface is formally given by a transmission probability 

T(E, k) . 5(kll+Gll-kex) 

in the simplest fashion, only electrons propagating outwards can be observed, i. e. 

T(E, k) =0 when kI<0 

T(E, k) =R when k, ' >0 

where R is a positive constant. 

(1.10) 

Putting all the terms together, the detected photocurrent is simply the product of 

the terms which have examined individually 

I" (E, hco, k) = I" (E, hco, k)D(E, k)T(E, k) 5(k/+G//-k/e/x) 

oc I]Mfif(T, Ei)(5(Ef (k)-Ej(k)-h(t))(5(E-Ef(k)) 
f, i 

J(k/+G//-kex) D (E, k) T (E, k11) (I. 11) 

The measured photoelectron intensity I" (E, hco 
, 

k) may therefore be evaluated (i) 

for a determination of the chemical composition, (ii) for an analysis of the atomic binding 

conditions, and (iii) for a depth-profiling of the sample constituents in the near-surface 

region. 

8 
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(i) Due to its occupied atomic orbitals each atom exhibits different ionizable 

energy levels, which are reflected as element-specific peaks in the x-ray photoelectron 

spectrum. As these emissions, which are characterized by their binding energies, simply 

overlay each other in compounds or mixtures, ESCA (Electron Spectroscopy for 

Chemical Analysis) measurements allow the identification of all participating elements by 

determination of their atomic core level lines. If additional information concerning the 

cross section of the electronic transition, the mean free path of the electrons and the 

spectrometer efficiency is provided, even a determination of the chemical stoichiometry is 

possible [4]. 

(ii) The exact peak position of core level emissions in XPS spectra are governed 

by the oxidation level of the emitting atom and the electric field generated by adjacent 

atoms [5]. Generally, in case of coordination with more electronegative ligands the core 
level electrons of a central atom appear at higher binding energy making them more 

difficult to excite. This so-called chemical shift may influence the energetic position of 

the emission peak up to 10 eV [4], which enables an identification of binding partners and 

a distinction of single or double covalent bonds. Therefore, high-resolution x-ray 

photoelectron spectroscopy is the preferred technique to trace chemical reactions or redox 

processes. 

(iii) Keeping the sample orientation to the light source unchanged a variation of 

the detection angle 0 in the XPS environment allows to tune the averaged information 

depth z oo cosO of the emitted photoelectrons. Using the analyzer angle 0 as a parameter 

the peak ratio of elemental core level emissions mirrors an eventual concentration 

gradient perpendicular to the surface. From the statistical error and from the number of 

angular-dependent spectra a depth-resolved profile of the atomic distribution may be 

derived with defined accuracy [6]. A suitable electron energy ensures a sufficient 

variation of the escape depth for different emission angles, so that a distinction between 

intercalates and adsorbates becomes possible. 

9 
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1.2 The screening effect 

Although the core electrons are not involved directly in chemical bonding, their 

binding energies are not entirely independent of the local environment, and so-called 

chemical shifts can cause variation of several electron volts. Such shifts can be divided 

into two types: initial state effects, resulting from changes in the local electric field; and 

final state effects, due to the way in which the valence electrons rearrange themselves to 

screen the core hole-screening effect [7]. 

i PL4 

r (10-8M) 

0 10 
0.0. --1 

-0.1 
ex] 

-0.2 

-0.3 

screened 
potential 
energy 

Fig. 1.6 Comparison of screened and unscreened Coulomb 

potentials of a static unit positive charge. The screening 
length I/k, is set equal to unity [7]. 

During the photoemission experiments, when electrons emitted by photoelectric 
field, the left holes are equivalent to positive charges. The electric field of a positive 

charge embedded in an electron gas, e. g. in metal, falls off with increasing r faster than 

I/r, because the electron gas tends to gather around and thus to screen the positive charge. 

10 
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We consider a point charge q placed in a sea of conduction electrons. The 

Poisson equation for the unscreened Coulomb potential is [7] 

v2 (po =- q6(r) (1.12) 

and we know that go = -q/47c r. But with the screening effect, the Coulomb potential is 

(p (r) =- -I- exp (-kr) 
47ir 

where k, is the screening parameter [7]. 

(1.13) 

Fig. 1.6 plots the comparison of screened and unscreened Coulomb potentials of a 

static unit positive charge. The screening length I/k, is set equal to unity. 

0 O-Eý 00 
oo ý-a ý-i-o 

oo 2(O, (ý, 4(o ýý 
oooooýtto 

ooooou- 00 
00000000 

10 Induced Dipole 

lonised Bulk Molecule 

I* 
lonised Surface Molecule 

Fig. 1.7 Screening of the final state at the surface and in the bulk 

A good example of the screening effect is surface core level shift (SCLS)-a 

special kind of binding energy shift. This is equal to the difference in binding energy 
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Chapter I General Background and Motivations 

between core electrons bound to the atoms deep in the bulk of an infinitely thick film and 
those at the surface. It results from differences in screening of the ionic final states in the 
bulk and at the surface, through polarisation of the molecules surrounding the ionised site. 
A molecule at the surface has a lower number of nearest neighbours and it is therefore 

less efficiently screened than one which is in the bulk, see Fig. 1.7. In Chapter 4 we can 

see the core level In 4d fitted by three or four components, one is from bulk, two from 

surface, another one from metallic indium clusters. Detailed discussion can be found in 

Chapter 4. 

For a thick layer an increasing in measured core level binding energy is observed 

by changing the electron emission angle from normal to grazing [8,9]. This is because in 

grazing emission, electrons almost exclusively from the surface layer will be recorded 

(this is due to the extreme surface sensitivity of photoemission as discussed in Sec. 1.1). In 

normal emission a large number of electrons from the bulk will be also contribute to the 

observed spectrum. 

In Chapter 3 we recorded C Is spectra always in normal emission angle, but as the 

increasing of coverage Of C60 on the substrate the C Is peak position shifted to higher 

binding energy. This means the polarisation screening effect in fullerene film reduced as 

the increasing of theC60 coverage. The reason is the thickC60 solid film was regarded as 

an insulator, see section 1.5.3. Detailed discussion is given in Chapter 3. 

12 



Y. Chao: Electronic and Optical properties of Nanostructured Materials 

1.3 Near edge X-ray absorption fine structure (NEXAFS) 

X-ray absorption spectra (XAS) are generally characterized by many fine spectral 

features near the absorption edge. Near edge X-ray absorption fine structure (NEXAFS), 

which is also sometimes referred to as X-ray absorption near edge structure (XANES), 

typically represents the energy region from the absorption edge to about 50eV above the 

edge. NEXAFS spectra provide important information about the electronic and structural 

properties [10]. 

The potential utilization of near edge features for the structural determination of 

matters was first recognized in 1920 by Kossel [11]. However, research effort in this area 

was limited primarily due to difficulties in obtaining intense light sources for excitations 

and due to the complexity in data analysis. During the 1970s, the availability of bright, 

polarized, and tuneable synchrotron light sources, as well as the development of 

scattering theories for the interpretation of near edge features, made EXAFS a powerful 

tool for structural determinations. By the mid-1980s, NEYAFS had become a powerful 

surface spectroscopy, especially in elucidating the electronic and structural properties of 

molecules on surfaces [10]. 

Auger Electron 

hi 

E vac 

Inoccupied 
level 

Fluorescent 
Photon 

Core level 

Fig. 1.8 Schematics of creation and annihilation of a core hole as 

a result of X-ray absorption. 
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Incident photon 
tuneable hv- 

IV 

Fig. 1.9 NEXAFS measurements are carried out by 

following the de-excitation process, which generates either 

an Auger electron or a fluorescence photon. 

The absorption of an X-ray photon, with a resonance energy hu, gives rise to an 

electronic excitation from the core level to an unoccupied state. As shown in Fig. 1.8, a 

core hole is created as a result of the resonance excitation. In NEXAFS measurements, 

the resonance transition is measured by following the annihilation, instead of the creation, 

of core holes. The energy gained by annihilation can be released by either the radiation of 
fluorescence photons or by the emission of Auger electrons. In this process 

photoelectrons are always there, thus the ejected electrons include photoelectrons and 

Auger electrons. NEXAFS spectra can be recorded by measuring either the electron yield 

or fluorescence yield as a function of incident photon energy, see Fig. 1.9. 

The X-ray absorption spectra of gaseous materials can at least in principle be 

measured in transmission mode, recording the changes in the "transparency" as a function 

of the incident photon energy: Due to the extremely short attenuation lengths of soft X- 

rays in solids, this is not possible in solids (except possibly in some cases for ultra-thin 
films). Instead, the incident photon energy dependence of the yield of secondary particles 
(electrons or photons), which are produced during the decay of the core excitation, can 

then be used in order to get information on the energy -dependence of the absorption 

14 
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cross-section [10]. Due to practical reasons these techniques are favoured even when 

recording gas-phase NEXAFS, and due to the relatively longer escape depths of photons, 

the photon yield measurements can also be used on liquids. 

To obtain an experimental spectrum which is more or less directly corresponding 

to the absorption cross-section, total or partial electron or photon yields can be recorded. 

These different options generally use different detectors, and have advantages and 
limitations, which are reviewed below. 

First, total electron yield (TEY) can be obtained most simply by recording the 

sample drain current, as electrons are photo-emitted from the sample upon interaction 

with incident light either directly or due to decaying of an auto-ionising state. The drain 

current setup essentially consists of a wire, which connects the sample holder, isolated 

from the ground, through a vacuum feed-through to a pico-amp meter. An obvious 

advantage of this technique is the simplicity of the setup, while the results for metallic or 

even semi-conducting samples are nevertheless as good as for the more sophisticated 

setups. However, applicability to conducting samples only and the shallowness of the 

surface layer of the sample that is probed can sometimes make it necessary to use a 

different setup. Other possibilities for recording the TEY signal are to use a channeltron 

detector or a multi-channel plate (MCP). 

Second, the total photon yield, alias total fluorescence yield (TFY) signal can be 

recorded by using a channeltron detector, a MCP detector or, as a less efficient option, by 

using the X-ray emission (XE) spectrometer in zero order diffraction. Being a photon-in- 

photon-out technique, this method can reach considerably larger probe depths (on the 

order of 1000A) and is less sensitive to possible surface contamination. It can also be 

used to measure absorption in buried layers (e. g. in samples covered by a layer of material 

protecting the sample from oxidation during transfer). 
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Fig. 1.10 Saturation effect in TFY (absorption) spectroscopy: due to the large 

photon escape depth, the photon yield recorded with near-normal exit angles 

may at different energies (for different energy-dependent absorption cross- 

sections) contain contribution from different depths in the sample, 

neutralising the effect of the absorption cross-section. At near-normal 
detection angles, the light at energies with smaller absorption coefficient can 

originate from deeper in the sample than at energies with large absorption 

cross-section. The total intensity observed can at the same time be almost 

constant [ 12]. 

When using this technique, however, one should be careful considering the 

effects of self-absorption, and the fact that the absorption cross-section need in many 

cases not be proportional to the photon yield signal. The effect of self-absorption is 

illustrated in Fig. 1.10. For a bulk sample or a thick film, all of the incoming light gets 

absorbed, although the effective absorption length depends on the energy-dependent 

cross-section. If the TFY signal is then recorded at a near-normal (exit) angle, the 

secondary photons come from different depths in the sample for different incident 

energies, but due to the long escape depth these photons are still capable of leaving the 

sample and the dependence of the total number of emitted photons can in the extreme 

case be constant (independent of energy and only dependent of the incident intensity). 

The best way to prevent this from happening is to use near-normal incidence angles and 

grazing exit angles, so that photons emitted only from a thin surface layer are detected. 
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This signal should then be proportional to photons absorbed in the same layer of limited 

thickness, and the total number of the absorbed, and emitted, photons should be 

proportional to the absorption cross-section. The amount of self-absorption differs from 

material to material between the extremes of a flat line (constant) in the spectrum to 

negligible effects. The technique can still be very useful, especially in the cases when this 

is only option, e. g. for buried layers or liquids in a containing cell quipped with a window 
[12]. 

Third, partial electron yield (PEY) can be measured using a photoelectron 

spectrometer and choosing an energy window (and integrating the total count rate within 

the window). This will give the decay rate via a certain transition. A less sophisticated 

alternative to this is to use a total yield detector in combination with one or several 

retarding grid(s) in order to set a low kinetic energy limit for the electrons which can 

reach the detector. Using the PEY instead of TEY enables to enhance the element- 

specificity to some extent (in case of a composite sample) and gives some flexibility to 

choose the probe depth by recording decay channels with quite different kinetic energies. 

Fourth, partial fluorescence yield (PFY) measures the decay rates (of an energy- 
dependent magnitude of a core-excited population) via a specific fluorescent decay 

channel. Although this technique usually suffers from extremely low count rates, the 

capability to discriminate more strictly against (the approximately constant background) 

fluorescence from other elements in a composite sample make it in certain cases useful. 
The signal can be detected by choosing a suitable energy window in the spectrometer and 
integrating the count rate for each incoming photon energy step [9]. 

In our experiments, we acquired the partial electron yield from silicon quantum 
dots as a function of incident photon energy (See Chapter 5). 
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1.4 X-ray excited optical lunnnescence (XEOL) 

X-ray excited optical luminescence (XEOL) is essentially an energy- transfer 

event in which the absorption of the X-ray photon produces a large number of energetic 

electrons (photoelectron and Auger electron, see Fig. 1.2 in Section 1.1 and Fig. 1.8 in 

Section 1.3). These electrons in turn cause further ionization and excitation. The energy is 

transferred to luminescent centres through inelastic processes which lead to the creation 

of holes in the valence band and electrons in the conduction band in semiconductor 

nano structures, for example, or holes and electrons in the occupied and unoccupied 

molecular orbital (MO) of organic molecules, respectively. The recombination of holes 

and electrons will emit light. This is the well-know scintillation process [13]. 

XEOL is a photon in - photon out technique. Using laboratory soft X-rays such as 

Mg Kot (1253.6eV) and Al Kcc (1486.6eV), and visible UV and soft X-ray (IOeV-3keV) 

from a tuneable synchrotron light source, it is often possible to conduct site and sampling 

depth selective measurement [14-16]. The sampling depth selectivity comes from the 

energy-dependent penetration depth of the photons and the site selectivity comes from the 

tunability of the source. For example, when the photon energy is tuned to the silicon L- 

edge, the photon will be absorbed preferentially by the silicon atom. This channel 

selective excitation will greatly facilitate the identification of the origin of luminescence 

[13]. 

Radiative recombination of an electron with a hole across the bandgap of 

semiconductors produces luminescence. The emitted photons have energy equal to the 

bandgap energy and a momentum that is negligible. Thus, the electron and the hole must 

be located at the same point in the Brillouin zone, which is the case in direct gap 

semiconductors such as GaAs. Under these conditions, the radiative recombination rate is 

large and the radiative lifetime is short (typically of the order of a few nanoseconds for a 

dipole-allowed transition). To obtain large luminescence efficiency, the nonradiative 

recombination rate must be smaller than the radiative recombination rate. The efficiency 

is defined by 

11 : -:::: Tnonrad/( Tnonrad + Trad) 
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where 'q is the quantum efficiency, Trad is the radiative lifetime, and Tnonrad is the 

nonradiative lifetime [17]. Nonradiative recombination occurs at the surface (surface 

recombination) and in the bulk (Auger recombination; recombination at defects). To 

minimize it, the surface should be well passivated and the bulk must be free of defects 

that act as radiation killers. The efficiency of direct gap IH-V semiconductors such as 

GaAs exceeds I% at room temperature and 10% at cryogenic temperature [ 17]. 

Silicon (Si) is an indirect gap semiconductor, in which electrons and holes are 
found at different locations in the Brillouin zone. Therefore, recombination by emission 

of single photons is not possible. Photon emission is possible only if another particle, 

such as a phonon, capable of carrying a large momentum is involved. In this case, both 

energy and momentum can be conserved in the radiation transition. The participation of a 

third particle in addition to the electron and the hole makes the rate of the process 

substantially lower and the radiation lifetime is typically on the millisecond regime. Thus, 

the efficiency drops by several orders of magnitude, even for high purity materials and 

good surface passivation. At room temperature, the efficiency of crystalline Si (c-Si) is 

usually of the order of 10-4 to 10-5%, which makes it unattractive for light emitting 
devices (LEDs) [18]. Several attempts have been made to improve the luminescence 

efficiency of Si and Si-based alloys. They include the use of Si-Ge alloys and 

superlattices [19] and isoelectronic impurities [20] in a manner similar to N in GaP. The 

strategy in these attempts can be divided into two classes: increasing the radiative rate or 
decreasing the nonradiative rate [17]. The former can be achieved by "bandgap 

engineering" or "defect engineering" which essentially consists of "convincing" the 

electron and hole that they do not need a phonon to recombine radiatively. This can be 

accomplished through zone folding in thin superlattices or with isoelectronic impurities 

whose energy level extends throughout the Brillouin zone. The later consists of confining 

the electron and the hole to a small volume where the probability of finding a 

nonradiative centre is equal to zero. Fabrication of silicon quantum dots (Si-QDs) is the 

example of this attempt. The discussion in quantum confinement in Si-QDs can be found 

in section 1.5.2. 

19 



Chapter I General Background and Motivations 

1.5 Nanostructured systems 

In this thesis three types of nanostructured systems are discussed- metal 

clusters-indium clusters, semiconductor clusters-silicon quantum dots, and nanoscale 

carbon structure-C60. 
Clusters do not represent a fifth state of matter as proposed earlier [21], instead, 

they are intermediate between atoms on the one hand and the solid or liquid state on the 

other hand. They represent an important kind of condensed matter of its own,, full of 

surprising, outstanding, and otherwise not observed physical properties. They deserve 

interest not only due to the fundamental aspects of how condensed matter is formed from 

atoms, but also because of their often underrated importance in nature and technology. 

We believe that cluster matter as a representative of novel materials hides plenty of 

undiscovered and obscured properties and potential future applications, in particular for 

nanotechnologies. 

A cluster is an entity, consisting of between 3 and 107 atoms of uniform or mixed 

chemical composition, packed densely with arbitrary external shape and structural 

arrangement [2 1 ]. 

Although clusters are usually generated experimentally by condensing atoms into 

clusters, there is the option (although seldom used In experiments) of cleaving, splitting, 

or grinding matter. Fig. 1.11 schematically illustrates these possible approaches to the 

cluster region. 

00> 

00 »»0 

0 lope gelb 00 

atoms --10- cluster No bulk 

Fig. 1.11 Two different concepts to approach clusters- nucleation 

or cleavage of macroscopic material 
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1.5.1 Metal clusters-Indium clusters 

In order to classify them, three size regimes of clusters are defined in Table I-I- 

In addition, the corresponding ratios of surface to volume atoms Ns/Nv are given. 

Table 1.1 Classifications of clusters according to the number N of atoms per cluster [21 ] 

Very small clusters Small clusters Large clusters 

2<N<20 20 <N< 500 500 <N <107 

Surface and inner 
volume not separable 

0.5 < Ns/Nv < 0.9 Ns/Nv < 0.5 

Clusters do not represent a uniform state of matter. Instead, experimental and 

theoretical results very widely as a function of size. Quantum-size effects are due to the 

extraordinary spectra of electron energy levels which are predicted to be quantized. 

Fig. 1.12 gives a schematic example of the one-electron energy levels of atoms, 

clusters and bulk material. The original energy levels of the atom split into two 

components, if a diatomic molecule is formed. The levels continue to split for larger and 
larger clusters and finally merge into the quasi- continuous band structure of the bulk 

solid, the bands being filled with electrons up to the Fermi energy EF. Simultaneously, the 

ionization potential IP of the atoms and molecules changes into the bulk work function 0. 

The splitting 5E of the one-electron energy levels is roughly given by the width of the 

quasi band of the cluster AE divided by the number N of the levels in the band: 6E= 

AE/N. For metals AE is typically of the order of EF, i. e. in the range of 5 eV, thus the 

separation 6E of the energy levels of a metal cluster amounts to about 50 meV for a 

cluster with N= 100 atoms. 

Detailed discussion for semiconductor clusters can be found in next section. 
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Fig. 1.12 Schematic energy level diagram of atoms, dimers, 

clusters and bulk material (up) and realistic level scheme for 

sodium atoms and bulk material (low). The dashed lines indicate 

the splitting of the energy levels; IP, 0, and EF denote the 

ionization potential, the bulk work function, and the Fermi energy 

respectively [21]. 
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As an example, Fig. 1.12 also shows the energy level scheme of Na atoms and 
bulk material on a realistic energy scale. The 3s atomic level evolves into the partially 
filled conduction band of the solid, which extends above the ionization limit (vacuum 

level). The 3p atomic level also evolves into a very broad empty band lying above EFand 

extending beyond the ionization limit. 

Indium clusters on the InP (100) surface were produced by annealing a clean InP 

(100) -(2 x 4) surface above the phosphorous desorption temperature 360 ± 10 'C. The 

cluster's size and electronic structure changed with higher annealing temperature. 

Eventually indium clusters entirely covered the InP (100) surface. In chapter 4 the 

evolution of metallic indium clusters on the surface InP (100) was investigated by 

synchrotron radiation excited photoemission spectroscopy (SRPES) as a function of 

annealing temperature. Some results from angle resolved photoemission (ARPES) and 
AFM are also given. 

1.5.2 Senuconductor clusters- Silicon quanttun dots 

In this thesis, two types of cluster have been discussed: one metal cluster-indium 

cluster, and one semiconductor cluster-silicon quantum dots. In chapter 5 the optical 

property of alkylated silicon quantum dots is investigated by synchrotron radiation 

excited photoluminescence spectroscopy, and electron structure investigated by SRPES. 

When Si nanostructures become smaller than 20-30 nm, the transport, electronic, 

and optical properties of bulk silicon start to be influenced significantly by quantum 

confinement effects [22]. For example, the PL energy of luminescent porous silicon 
(LEP-Si) should equal the bandgap minus the binding energy of the excitation [17]. The 

bandgap of crystallite silicon (c-Si) is 1.12 eV, but the PL energy is much bigger than this 

value, see Chapter 5 for detailed PL energy. One explanation is that the bandgap of LEP- 

Si is much bigger than that of c-Si. That means due to quantum confinement the 

conduction band energy risen up and valence band energy reduced. 
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Fig. 1.13 The CB shift versus the VB shift for a series of silicon 

nanoclusters. The solid line represents a 2: 1 ratio between VB shift 

and the CB shift [23]. 

Fig. 1.13 shows the conduction band edge shift determined from L-edge data as a 
function of the valence band shift determined from photoemission, for a series of different 

samples [23]. Careful inspiration indicated that the confinement decreases the valence 
band edge twice as much as it increases the conduction band edge, in agreement with 

effective mass theory [24]. Fig. 1.14 illustrates this relationship. Since the VB shift is 

equal to twice the CB band, the bandgap of7c-Si samples is obtained from [23]: 

Egap= AEvb +AEcb+1.12 eV = 3AEcb +1.12 eV (1.15) 
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Fig. 1.14 Increase in the conduction band energy versus decrease 

in the valence band energy for different n-Si samples. The effect 

of quantization in the valence band is twice as large as in the 

conduction band 
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Fig. 1.15 Photoluminescence peak energy versus bandgap energy 

in n-Si. If the PL and bandgap energies were the same, the data 

would fall on the solid line [ 17]. 
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The difference between bandgap energy and photoluminescence energy is called 
Stokes shift. For example, 7c-Si samples having a peak PL energy of 2 eV (orange), the 

conduction band edge increased by 0.5 eV and valence band edge decreased by I eV 

compared to bulk c-Si. Thus, the bandgap, of these samples was 2.6 eV, while the PL was 

at 2 eV. Fig. 1.15 is a compilation of several experimental and theoretical results and 

shows that the Stokes shift between bandgap and PL energies increases with decreasing 

size. 

For size above 3 nm, the difference between bandgap and PL energies remains 
below 300 meV, a value that could be attributed to exciton binding energy in small 

crystallites; however, below 3 nm, the difference appears to be too large (up to I eV and 

more) to be explained by the expected increase in the free exciton binding energy. It 

seems likely that the luminescence does not coincide with the bandgap and thus involves 

surface states [17]. 

1.5.3 The nanoscale carbon structure-C60 

C60, or "Buckminsterfullerene" after the famous architect Buckminster Fuller, is 

the most abundant member of a family of recently discovered carbon molecules [25,26], 

referred to as fullerenes. A fullerene is defined as a closed cage carbon molecule 

containing 12 pentagonal faces and any number of hexagonal faces, of whichC60 has 20. 

Remarkably, the discovery0f C60 really came from the field of astrophysics. To 

try to find how C might contribute to interstellar, bands, studies of the infra-red (IR) 

absorption of its clusters were underway. Using a laser to evaporate C, it was found that 

under certain circumstances a particular abundance of clusters with the mass of 720 

atomic mass units (a. m. u) occurred, implying that an extremely stable molecule 

consisting 60 C atoms was being produced. Such high stability would only be expected if 

each atom in such a molecule had all four of its covalent bonds used. Three dimensional 

spheroid structures which would not leave any bonds unsaturated at the edges were 
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therefore considered, and the truncated icosahedron shown in Fig. 1.16 was proposed 

[25]. 

Fig. 1.16 Schematic diagram of the structureOf C60molecule, known 

as Buckminsterfullerene. It has the shape of a truncated icosahedron, a 

solid that has 12 pentagonal and 20 hexagonal faces, with a carbon 

atom at every vertex. (Adapted from an image available at the Sussex 

Fullerene Centre's Fullerene Gallery website: 

littp: //NAivw. sussex. ac. uk/Users/kroto/FullereneCentre/gallen! /c6O. html) 

C60was first produced by laser vaporisation of graphite into a He carrier gas [25]; 

however this only resulted in minute quantities. The essential data needed to confirm the 

suggested structure demanded the use of nuclear magnetic resonance (NMR) and IR 

absorption, requiring much larger quantities of the new molecule than were available. 
Several groups therefore worked on the development of methods to produce macroscopic 

quantities Of C60 in the laboratory. In 1990 an alternative method of production [27] was 
found, in which carbon rods were vaporised by resistive heating in an inert He 

atmosphere produced larger quantities. This method, combined with procedure to isolate 
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C60from other compounds [28,29], has enabled high purityC60 (>99.5%) to be produced 
in gram quantities for use in experiments. 

The truncated icosahedron is now generally accepted as the correct structural 

model forC60, which the centres of the 60 C atoms situated in the position of the corners 

of the hexagonal and pentagonal faces. This solid is formed by "truncating" (chopping the 

corner off) an icosahedron, where an icosahedron is a solid whose faces are 20 regular 

triangles. Upon truncation of the icosahedron, the 20 triangles become hexagons, while 

the 12 vertices become pentagons. Everybody is familiar with the football, known in 

America as the "soccerball". The pattern of pentagons and hexagons found on a football 

is in fact the same as that which occurs between the C atoms in theC60molecules. The 

hexagons are arranged around each pentagon such that no two pentagons are adjacent. 

This results in a truncated icosahedron structure, with a cage diameter of 7.1 A, shown in 

Fig. 1.16. 

There are only two different C-C bond lengths within theC60molecule; the bonds 

separating 2 hexagons are 1.40 ± 0.01A long, and those between hexagons and pentagons 

arel. 45 ± 0.01A long. Each atom has an identical set of two long and one short bond. The 

hexagons are all therefore irregular, while the pentagons are regular. 

Carbon is a very special element, and the way in which it forms molecules is a 

remarkable example of the theory of hybridisation. The electronic ground state of aC 

atom is IS2 2S2 2p,, 2py. However, by promoting one 2s electron into p, orbital, so called sp- 

hybrids can be formed, in which the s and p wave-functions mix together resulting in four 

linear combinations per C atom. Such hybrids form strong covalent bonds, as for example 

in the tetrahedral diamond structure where the three p electrons hybridise with the 

remaining 2s electron to form four SP3 -hybrid orbitals. Since all three dimensions of p- 

orbitals are used, this results three dimensional bonding so that the nearest neighbours to 

each C atom are at the positions of the corners of a tetrahedron with the original atom in 

the centre [30]. 

If only two p electrons are hybridised with the remaining s electron, sp 2 hybrids 

occur, resulting in two dimensional structures. The most well known example of these is 

graphite, where the three SP2 hybrids form cT bonds in a plane with an angle of 120' 

28 



Y. Chao: Electronic and Optical properties of Nanostructured Materials 

between them. The remaining p orbitals, one in each C atom, are directed perpendicular to 

the plane, and interact broadside with each other forming 7E bonds, with each atom thus 

possessing one double bond [30]. The bonding between graphite sheets is much weaker 
than that within each sheet, and predominantly van der Waals in nature. This weak inter- 

plane bonding is responsible for the special properties of graphite as a lubricant, and in 

pencil s-adj acent layers slide against each other. 

Each C atom in neutral C60 possesses six electrons, making a total of 360 per 

molecule. Of these, 120 are Is core electrons localised in individual C atoms, while the 

remaining 240 are the valence electrons responsible for the covalent bonding which holds 

the molecule together. C60 can be approximated by a curved sheet of graphite, and the 

bonding between the atoms therefore has predominantly SP2 character. However, because 

the molecule is curved the valence electron wave functions have some SP3 character 

resulting in a cy and 7c mixture in entire valence states, with the occupied orbitals 
becoming moren-like as their energy increases [30]. 

The simplest approximation toC60 is that of a sphere, and much progress can be 

made in understanding the molecule"s electronic structure by using such a model [31-33]. 

The solutions to the Schr6dinger equation for a particle on a sphere are the spherical 
harmonics, denoted Y1. [34], where I is a quantum number associated with the angular 

momentum of the particle, and m can take integer values from -1 to +1. ForC6o, each 

molecular orbital (MO) consists predominantly of linear combinations of spherical 
harmonics with the same value of 1. In practice, the value of the following integral gives 

the degree to which a wave-function is described by a given set of spherical harmonics: 

1, 
f (r)lY(r)dýý (1.16) 

The integration is carried out over the surface S of a sphere of radius r centred at the 

middle of theC60 cage, and T(r) is a wave-function obtained from model calculations. 

The value of F, (r) obtained for each MO 's wave-function is an order of magnitude higher 

for one particular value of I than for all others, and the orbitals can then be designated by 

an I quantum number. Consideration of the radial variation of the wave-functions divides 
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them further inton and (5 orbitals, introducing another quantum number n which is equal 
to I for cF orbitals and 2 forn orbitals. All the wave-functions can then be labelled, and for 

the n-levels, with n=2, this means that 21+1 electrons of each spin can be accommodated 
for each angular momentum quantum number. Filling these orbitals with the 60 71 

electrons as illustrated in Fig. 1.17, means that 1=0 to 1=4 will be filled, while the 1=5 

level will contain 10 electrons, resulting in a partly filled shell. 

Spherical Molecular 
Approximation Symmetry 

LUMO+l 
L=5 LUMO 

HOMO Ilu 
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Fig. 1.17 The electronic structure Of C60. In the spherical 

approximation the wave functions are described by a linear 

combination of spherical harmonics, while the symmetry notation 

comes from the icosohedral point group [30]. 

For an accurate treatment, however, the full icosahedral symmetry0f C60must be 

considered. This has the effect of splitting the degeneracy of the 1=3 and 1=5 levels into 2 

and 3 MOs respectively, and in Fig. 1.17 is an energy level diagram for the 7C levels Of C60 

up to 1=5. The correct labelling of the MOs is with the symmetry representations of the 

icosohedral point group, and this is used on the right hand side of Fig. 1.17. The 

degeneracy of the representations labelled a, t, g and h is 1,3,4 and 5 respectively. The 

relative energies of the various levels can be calculated with the Mickel molecular orbital 
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method [32,33]. The five-fold degenerate h,, level which can accommodate 10 electrons, 
is filled in the ground state, while the tl,, and tIg orbitals, which were also represented with 
1=5 in the spherical model, are unoccupied. 

C60 forms a solid called Fullerite. At room temperature (300 K), the molecules 

stack in a face centred cubic (f c. c. ) lattice [30], with a nearest neighbour distance (NND) 

of 10.04 k This can be compared to the diameter of theC60molecule, 7.1 A, and the 

short and long C-C distances for the covalently bonded carbon atoms within aC60 cage, 
1.40 k and 1.45 A, respectively. The closest distance between two C atoms on adjacent 
fullerenes is therefore more than double the C-C distance within a molecule, and is closer 

to the interplane separation in graphite. We might therefore expectC60molecules also to 

be bonded each other through the van der Waals force. The sublimation temperature of 

this solid is - 450 K. and at a temperature of - 260 K it undergoes a phase transition to 

simple cubic structure [30]. 

From general considerations of the bonding between the C60 Molecules, one can 
build up a simple model of the electronic structure of fullerite. When the fullerenes are 

put together in a solid, their wave-functions overlap and perturb each other. This 

perturbation will be relatively weak in a van der Waals bonded solid in which the 

molecules are well separated. The electron wave functions will delocalise throughout the 

solid, and the single electron energy levels of the molecule will be broadened into bands. 

The bandwidth is dependent on the extent of the overlap of the wave-functions on 
adjacent molecules, and for C60, we therefore expect rather narrow bands [30]. Since 

calculations predict the HOMO-LUMO separation is -1.6 eV, we would expect the solid 
to have a bandgap between the occupied and unoccupied states, and to be an insulator 

[30]. 
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1.6 Some motivations 

1.6.1 Chermsorption0f C60on InP (100) surface 

The growthOf C60films on many kinds of surfaces has become a topic of great 
interest in recent years [26]. The interactionOf C60with semiconductor surfaces, such as 
Ge [35], Si [36-42], and GaAs (110) [43-46] has been the subject of intense experimental 
investigation because of the potential industrial applications of these systems. The 

interaction Of C60with Si is predominantly covalent and strong [36-42] the substrate- 

adsorbate interactions tend to dominate the weakC60-C60 interactions, and the molecules 

are immobile at room temperature (RT), forming structures with no long-range order [38, 

411 42]. Moreover, the fullerene molecules do not desorb from the low-index Si surfaces 

even at 1000 K. while above this temperature they fragment to form a SiC film [36,37, 

40! 1 47]. Normally, the interaction of fullerenes with GaAs (110) surfaces is so weak that 

the fullerene-fullerene interaction dominates the observed structurel resulting in the 

growth of an fcc (I 11) face. Only in the case of the GaAs (00 1)-(4 x 2) As-rich surface, a 

second "strained" fullerene structure is observed for which an ionic type of bonding has 

been suggested, stronger than the bond formed with the other GaAs (110) surfaces [44-46, 

48]. Photoemission studies demonstrated thatC60 adsorption on GaAs (I 10) did not affect 
As3d and Ga 3d core levels but led only to a slight change of the width of the C Is level 

[46]. 

With respect to possible applications in devices, the InP (100) surface is also of 

major interest. To our knowledge, however, no study has been made of the interaction of 
C60with InP (100). In this work we investigate the nature of bonding between adsorbed 
C60 and InP by means of photoemission. We present a detailed analysis of the changes in 

C Is, P 2p and In4d levels as well as in the valence-band spectra as a function of 

coverage and annealing. The results reveal evidence of covalent bonding between the 

fullerene and InP surface, the existence of a preferential chemisorption bond betweenC60 

molecules and P atoms rather than betweenC60molecules and In atomsl and significant 
desorption0f C60 coupled with the growth of metallic indium clusters when annealing 

temperature was increased to 640 K and above. 
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1 
. 
6.2 Indium clusters on InP (100) surface 

Despite the large body of literature regarding the composition and structure of the 

In rich- InP (100)-(2x4) [49-55] surface there is still disagreement in several areas. For 

example, in photoemission studies it has been difficult to assign the number of low 

binding energy components of the In4d core line that are associated with 'free' indiurn in 

an unambiguous way. The In4d core level has been fitted with three surface and one bulk 

component by some groups [49,50], while others have fitted with two surface 

components and one bulk component [52,53,55]. Perhaps the main problem is that 

researchers are unable to distinguish the low binding energy component(s) related directly 

to the surface reconstruction from that due to 'free' indium (by 'free' indium we mean 
indium in excess of that required for a perfect 2x4 reconstruction) found in the form of 

clusters on the surface. An additional difficulty in the unambiguous assignment of a 

particular In4d component to indium clusters is that, as we shall demonstrate in this 

paper, the binding energy of the cluster related component changes according to the size, 

and hence screening efficiency, of the indium clusters. 

The above debate about possible models for the In rich (2x4) InP (100) surface 

reconstruction arises from the discovery that this surface does not behave analogously to 

the GaAs(100) surface [56]. It has recently been suggested on the basis of STM studies 
[54,57], total energy calculations [58,59], and angle resolved photoemission 

spectroscopy [56,59] that simple In-In dimers or trimers are not solely present on this 

surface, as originally expected, but that there is evidence that there is also a considerable 
fraction mixed In-P dimers [54,56-59] or even P-P dimers [54,60] present. Our recent 

studies of the chemisorption0f C60 on InP (100)-(2 x4)[61] are in agreement with these 

findings - chernisorption of a fullerene leads to changes in the spectral features of both 

the fullerene and phosphorous but not of the indium. This result requires the presence of 

phosphorous atoms at the outermost layer of the InP (100)-(2 x 4) surface, which are 
likely to desorb from the surface in the initial stages of annealing. 
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In addition to providing further insight into the way in which the InP(l 00)-( 2x 4) 

surface changes under annealing, information gleaned about the nature of the indium 

clusters is important in its own right. The properties of clusters have been the focus of 

much research interest over the years [43,62-64] partly due to the desire to understand 

the transition from the atomic to bulk solid state [65], and partly due to the potential 

applications of clusters in fields as diverse as heterogeneous catalysis [66], non-linear 

optics [67,68], and nanoscale electronics [21,69]. There are a number of ways of 

growing clusters on substrates, such as in-situ size and energy selected cluster deposition 

[70], thermal evaporation [71,72], and ex-situ chemical preparation [73]. In the case of 

111-V semiconductors, clusters of the group 1111 elements are formed simply by heating, 

sputtering or reaction with atomic hydrogen [62,72,74-76]. Once prepared and then 

oxidised, indium clusters, for example, might become important in the formation of InOx 

thin films, widely known as sensor elements [77,78]. 

In air the InP (100) surface naturally oxidises so that ion bombardment and 

annealing treatment are necessary in order to obtain an In-rich (2x4) reconstruction, and 
has been studied in the past [79-8 1 ]. The periodicity of the surface has been confirmed by 

LEED and STM [54]. Indium clusters produced by annealing oxidised InP (100) over a 

wide temperature range (250 OC 
- 550 OC), have been observed by photoemission 

spectroscopy (PES) [79]. No detailed study of the In clusters was made since the 

emphasis of that work was mainly to investigate the influence of Sb deposition on the 

surface thermal stability. Reflection electron microscopy (REM)[80] has also been used, 

to study the growth of indium clusters on InP (110) at 650'C (above the thermal 

decomposition temperature - 370'C - of the InP surface [76]). PES has also been used to 

investigate argon ion bombardment treated InP (110) surfaces over a wide temperature 

range [81]. The starting surface in that work was already cluster covered, due to 

preferential phosphorous sputtering above ion energies of 60eV [82]. To our knowledge, 

no work has been done on the growth of clusters of indium starting with cluster free In- 

terminated InP (100)-(2x4) surfaces. In this work we study the effects of heating a 

perfect (to within experimental sensitivity) InP (100)-(2x4) surface in a temperature range 

between 3600C and 500'C, and present a detailed analysis of the changes induced in In4d 

and valence band spectra. Clean InP (100) as a high carrier mobility material has rising 

34 



Y. Chao: Electronic and Optical properties of Nanostructured Materials 

technological potential, and its surface core level shifts (SCLS) and morphology has been 

studied widely by X-ray photoemission spectroscopy (XPS), SRPES, STM [49-54,81, 

83-88]. In studies of the InP (100)-(2x4) surface the proposed number of In4d core level 

components for the clean surface varies, as mentioned above, with the presence of three 

surface and one bulk component suggested by some groups [49,50], while others use two 

surface components and one bulk component [52,53,55]. The aim of this work is to try 

directly to identify and assign the low binding energy component of the In4d core line by 

following its development as a function of temperature. In addition, STM work suggests 

that the most probable model for InP (100)-(2x4) surface is a two phosphorus dimer - two 

missing dimer model, with the prediction of a highly mobile second layer of In-In dimers 

which may decompose to form the In clusters [54]. 
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1.6.3 Lurninescent Alkylated Silicon Quantwn Dots 

Semiconductor nanocrystallites, or quantum dots, are potential building blocks of 
future nanoelectronic and nanophotonic devices. When Si nanostructures become smaller 

than 20-30 nm, the transport, electronic, and optical properties of bulk silicon start to be 

influenced significantly by quantum confinement effects [22]. Therefore, it is desirable to 

develop techniques for fabrication of silicon nanocrystallites (Si-NCs) and to understand 

their physical and chemical properties. The intensive investigation of Si nanostructures is 

linked to potential application in light-emitting devices integrated on a chip [89,90]. 

Recently, optical gain in silicon nanocrystals embedded in a silicon dioxide matrix has 

been shown; this brings fabrication of a silicon laser a significant step closer [91]. 

Compared to the weak IR luminescence of bulk silicon (observed only at low 

temperatures), the efficiency of photoluminescence (PL) from Si nanostructures is 

strongly increased due to the greater overlap of electron-hole pairs [92,93]. Numerous 

models have been proposed to explain photoluminescence from silicon nanocrystals: 

recombination of quantum confined electron-hole pairs at siloxenes, amorphous Si 

phases, and/or surface states related to silicon-oxygen or hydrogen bonds [22,94,95], etc. 
However, detailed studies of the PL mechanism are hampered due to the broad PL band 

resulting from inhomogeneous broadening (omnipresent in ensembles of NCs). Certain 

improvements can be achieved by size-selection methods [96], although ultimately single- 
dot spectroscopy (SDS) is needed to reveal the detailed PL mechanism [22]. 

Several approaches for the preparation of silicon nanocrystallites are known in the 

literature, including electrochemical etching [94,97], reactive sputtering [98], sol-gel 

techniques [99], ultrasonic dispersion of porous silicon [100], gas-phase decomposition of 

silanes [101], laser ablation/immobilization on self-assembled monolayers [102], thermal 

vaporization [23] and solution methods [103]. The surface of these silicon nanoparticles 

can be passivated or terminated by hydrogen [ 104], oxide [ 10 1,105,106], alkoxide [ 107] 

or alkylated [97,108,109]. It has recently been shown that an alkyl-modified silicon core 
is an efficient fluorophore which is stable in aqueous/bio logical media, non-toxic, and 

emits photons (wavelength 600-700 nm with 513 nm excitation) and does not interact 
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strongly with most biological molecules [110]. Such properties mean that these passivated 

nanocrystallites might also be potentially important as nanoscale sensors inside living 

cells. 

In this work we made a detailed study [111], using scanning tunnelling 

microscopy (STM), soft X-ray photoemission and X-ray excited optical luminescence 

(XEOL), which aims to the determine the composition of alkylated silicon 

nanocrystallites and to understand their reactivity upon irradiation. To our knowledge, 

there are no investigations in the literature which explore the interaction of photons in the 

VUV/XUV energy region with any kind of Si-NCs. Chemical changes induced by 

illumination of the nanocrystallites may well be involved in ageing processes. For this 

reason the VUV/XUV photon energy range is particularly interesting because the Si2p 

core levels are accessible allowing both reactivity and luminescence to be followed 

simultaneously, and their relationship to be determined. 

The effects of ageing in porous silicon have been studied over the past decade 

[112-115] and is still a subject of interest in many investigations which aim to discover 

appropriate capping layers [116-118] to suppress ambient ageing and prepare porous 

silicon for industrial applications. However, studies of ageing of Si nanocrystallites are 

much rarer. We have found only few indirect study of ageing in Si nanocrystallites [94, 

119]. The lack of ageing studies on Si-NCs may possibly be due to difficulties in 

preparation of these materials in sufficient (milligram) quantities for study by 

macroscopic techniques. 
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Chapter 2 Experimental 

The following chapter describes the apparatus and experimental 

techniques used during the experiments in this thesis. A 

description of the ultra-high-vacuum systems, beamlines and AFM 

is presented Methods used to prepare samples are described 

along with the InP (100)-(2 x 4) reconstruction. A seý(Iwritten 
HP- VEE control programme is also given. 

2.1 Ultra High Vacuum (UHV) system ....................................................................... 51 

2.2 Synchrotron radiation source (SRS) and beamline optics ....................................... 54 

2.2.1 Station 4.1 in Daresbury Lab ......................................................................... 58 

2.2.2 Beamline 1511 in MAX Lab .......................................................................... 61 

2.3 Photoemission spectroscopy acquirement .............................................................. 63 

2.3.1 Geometry of the measurements ..................................................................... 66 

2.3.2 Binding Energy Calibrations ......................................................................... 67 

2.4 Sample Preparation ............................................................................................... 68 

2.4.1 InP (100) Surface Treatment ......................................................................... 68 

2.4.2 Si-Quantum Dots ........................................................................................... 69 

2.5 C6o Evaporation and Coverage Calibrations .......................................................... 71 

2.6 Temperature Measurements .................................................................................. 72 

2.7 Photoluminescence Spectroscopy .......................................................................... 73 

2.7.1 Photon Spectrometer and Photomultiplier Tubes ........................................... 74 

2.7.2 KEITHLEY Programmable Electrometer and HP VEE Control Programme.. 76 

2.8 Description of Atomic Force Microscope .............................................................. 78 

2.9 References ............................................................................................................ 82 

50 



Chapter 2 Experimental Methods 

The technical demands for doing photoemission spectroscopy (PES) experiments 

were divided into three parts: First, refinement of ultra-high-vacuum (UHV) techniques 

and methods for preparing clean and well-defined samples in situ; Second, the 
development of high resolution, high sensitivity, angle-resolved electrostatic electron 

spectrometers which allowed measurements in a reasonable time; Third, development of 
high intensity light sources (e. g. He I radiation from a discharge lamp), and later the 

advent of synchrotron radiation facilities as a tunable high intensity light sources. Today 

various implementations of PES have become established methods for investigating the 

electronic structure of materials in the solid state. The following sections are about the 

experimental details related to this thesis. 

2.1 Ultra High Vacutun (UHV) system 

Ultra high vacuum (UHV) is required for most surface science experiments for 

two principal reasons: 

1. To enable atomically clean surfaces to be prepared for study, and such surfaces to 
be maintained in a contamination-free state for the duration of the experiment. 

2. To permit the use of low energy electron and ion-based experimental techniques 

without undue interference from gas phase scattering. 

Let's look at the variation of various parameters with pressure. Sticking 

coefficient is defined as the ratio of the rate of adsorption to the rate at which the 

adsorptive strikes the total surface, i. e. covered and uncovered. It is usually a function of 

surface coverage, of temperature and of the details of the surface structure of the 

adsorbent. If we assume sticking coefficient S=1, the Flux (F) of atoms or molecules 

striking our surface is related to the pressure P, temperature T and the molecule mass M: 

P] 

NAP 

2; ý ýRT 
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In unit atoms/cm4 s, 

3.51xlO 22 P(Torr) (2.2) ýM- (9 -/M 0 1) T 

For example CO, at room temperature T= 300K and pressure IX 10-6 Torr, 

F=3.51xlO 22 1X 10-6 (Torr) 
10 15 (atoms/cmý s) V28(glmol)300(K) 

(2.3) 

r, 
=1015 MS/CM2 If we assume surface density a,,, , ato , to cover a surface in I second with 

a monolayer of gas, we need a gas exposure of 

IL (Langmuir) =1 X 10-6 (Pressure/Torr)- (Time/s) (2.4) 

To have a control of the atomic composition of a surface for i. e. 3 hours (10800s), 

the pressure must be lower than P= 10-10 Torr. This can be obtained in an ultra high 

vacuum (UHV) system, where the number of gas atoms or molecules incident onto a 

surface is small compared to atmospheric pressure. Such a vacuum, with a pressure < 10-8 

Torr, can be achieved with an arrangement of stainless steel chambers attached to suitable 

pumps. 

Fig. 2.1 and Fig. 2.5 show the same URV system in beamline 4.1, Daresbury, 

under the different angle, it only has one big main chamber with a load-lock for the 

exchange of samples between air and UHV. Fig. 2.6 is the photo of the UHV system used 
in 1511, Max-Lab. It consists of one main analysis chamber and one preparation chamber. 
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Fig. 2.1 UHV system in station 4.1, Daresbury 
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2.2 Synchrotron radiation source (SRS) and beamline optics 

For most studies in this thesis,, tuneable high brilliance radiation sources at 

synchrotron are a prerequisite. Synchrotron radiation is generated when a charged 

particle, moving at relativistic speeds, is deflected by a magnetic field. The deflection can 
be achieved either by bending magnets (circular motion) or by periodic magnetic 

structures (sinusoidal motion). Synchrotron radiation provides a bright and polarized 

photon beam as the excitation source. In general, synchrotron radiation is several orders 

of magnitude more intense, and more importantly, covers a much broader energy range 
than the conventional X-ray sources. These characteristics are essential for achieving 

reliable and high quality photoemission (PES), near edge X-ray adsorption fine structure 
(NEXAFS) and X-ray excited optical luminescence (XEOL) measurement, because the 

cross section of emission for each element and energy level varies with the excitation 

photon energy, see Chapter 1. 

Three types of radiation sources on the storage ring are distinguished (see Fig. 

2.2): the bending magnet, the wiggler and the undulator. The bending magnet is a dipole 

magnet placed at a vertex of the synchrotron "ring" (or more precisely: a polygon), 

generating forward-directed cone of light, and has a characteristic frequency, which is 

determined by the electron energy and the field strength. A wiggler is mounted on a 

straight section and consists of several "bending-magnet"-poles to gain intensity. The 

most selective and bright source is the undulator, which like a wiggler is a periodic 

magnetic structure, but the number of poles is considerably larger, and their distance and 

the field strength are chosen so that the light is generated coherently at different bending 

stages and interferes with itself The interference of light from different periods 

concentrates the intensity from an undulator source into narrow spectral regions, the 

"undulator" peaks, which are the result of interference in different orders. 
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Bending 
Magnet 

Wiggler 

Unduh 

Fig. 2.2 Working principles of radiative elements on a 

synchrotron ring: bending magnet, wiggler and undulator 

The synchrotron measurements presented in this thesis were carried out using 

either bending magnet (4.1, Daresbury) or undulator radiation sources (1511, Max 11). 
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Side View 

T-=M VFM Gratings Refocussing 

Snil 
1-, PeTTtire SiAg Slits Sample 

Fig. 2.3 Schematic Layout of Beamline 4.1, Daresbury 

Fig. 2.3 illustrates the layout of beamline 4.1 in Daresbury. At the left are two 

pre-mirrors close to each other. The focussing function of the two mirrors is decoupled. 

The one closest to the source is the horizontally focussing mirror (HFM) and the second is 

the vertically focussing mirror (VFM). The HYM is water cooled since it serves as a heat 

and radiation sink, protecting the other optical elements in the line. It collects 6 mrad of 
the available synchrotron radiation at dipole 4, deflects the beam sideways and focusses 

the source horizontally in the non-dispersive direction at the mean position of the 

monochromator exit slit. The VFM deflects the beam upwards and focusses vertically in 

the dispersive direction at the monochromator entrance slit, An aperture (MXD) upstream 

of the VFM is located to allow selection of circular polarised light in the upper or lower 

part of the photon beam in the vertical direction for dichroism experiments. 

After the entrance slit, one of three in-situ interchangeable gratings diffracts and 
focusses the photon beam vertically at the exit slit. The Au coated spherical gratings are 
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holographically recorded ion-etched laminar profiles on quartz blanks were manufactured 
by Carl Zeiss Ltd. Fig. 2.4 is the photograph of this beamline, 

Fig. 2.4 A glance at beamline 4,1, Daresbury 
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2.2.1 Station 4.1 in Daresbury Lab 

Station 4.1 comprises of a UHV beamline (see Fig, 2.4) with a spherical grating 

monochromator and associated control and data acquisition systems. The photon energy 

range covered is 14-170 eV, using three interchangeable diffraction gratings. The surface 

science end station is equipped with a Scienta SES200 hemispherical electron energy 

analyser, An Omicron LEED/Auger system is also available on this system, as well as 

sample cleaning and gas dosing facilities. A Helium lamp and X-ray Source may also be 

available. The samples can be mounted on a motorised VG Omniax manipulator with 

azimuthal rotation, liquid nitrogen cooling and electron-beam heating. 

0 

Fig. 2.5 UHV system equipped with liquid helium cooling system 

The SES200 hemispherical electron energy analyser is a full hemisphere with a 

mean radius of 200 mm, the spectrometer incorporates highly stable voltage supplies and 
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is equipped with a multidetection system. The magnetic field in the analyser is kept at a 
safe, low level by the use of double 3 mm g-metal shields surrounding the whole electron- 
optical system with tight connections between different parts [2]. Fig, 2.6 is the 

photograph of the electron spectrometer. 

'. 3 

-v 

Fig. 2.6 Photograph of the electron spectrometer 

The electron lens can be operated in different modes, optimizing transmission, 

spatial resolution or angle resolution. The pass energy of the analyser can be chosen 
between I and 1000 eV. The lens voltages are continuously varied during the recording of 

a spectrum. In principle, the related retarding energy equals the difference between 

kinetic energy (EK)of excited electron and the pass energy (Ep) of the analyser, i, e. 

Ret. = EK 
- Ep (2.5) 

The voltages are defined by a set of tables, which for each pass energy give the 

correct voltages for a moderate number of initial energies (kinetic energies before the 

lens), and the appropriate voltages for intermediate initial energies are calculated by a 
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cubic spline interpolation [2]. Fig. 2.7 is the schematic electron optical system of the 

electron spectrometer [3]. 

C. c ro ri C r'l CI ýj ýl yzr 

2 d, ih Is 1,1 
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2C ý-Cj 'TI CP 

N 

L's G 'A 

Fig. 2.7 Electron optical system of the electron spectrometer 

consists of a hemispherical analyser with a Herzog-plate 

termination and an accelerating-retarding multielement 

electrostatic lens [3] 
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2.2.2 Beamline 1511 in MAX Lab 

Beamline 1511 is an undulator based VUV,, soft X-ray beamline at the 3rd 

generation synchrotron source NLAX-Il. The beamline is aimed at high resolution X-ray 

Photoemission Spectroscopy (XPS), X-ray Absorption Spectroscopy (XAS) and X-ray 

emission spectroscopy (XES). The effective energy range is 100- 1100 eV, using a Zeiss 

SX700 plane grating high flux monochromator. It also comprises a Scienta SES-200 

electron analyser, a XES-300 spherical grating X-ray emission spectrometer, and a MCP 

based electron detector for e. g. NEXAFS studies. 

The station consists of a preparation chamber with various options and an analysis 

chamber. The analysis chamber is a strictly UHV system due to its direct connection to 

the beamline and refocusing optics (and as the preparation chamber must be open to the 

main during measurements the preparation chamber is also strictly UHV). All 

preparations, e. g. heating and evaporation are to be performed in the preparation chamber 

- the analysis chamber is just that, for the purpose of measuring only. 

The preparation chamber is equipped with two gas dosing systems; one for non- 

toxic substances with high vapour pressures (i. e. inert and simple gases) called the "gas 

system", the other for all other substances, but mainly water, liquids and hydrocarbon 

gases "liquids system". Fig. 2.8 is the photograph of the station. 
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Fig. 2.8 Station 1511, Max-Lab 
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2.3 Photoemission spectroscopy acquirement 

X-ray photoelectron spectroscopy (XPS) for core level, ultraviolet photoemission 

spectroscopy (UPS) for valence band and synchrotron radiation photoemission spectra 
(SREPS), NEXAFS were acquired with a SCEENTA SES-200 analyser using beam line 

4.1 of the synchrotron radiation source (SRS) Daresbury and 1511 in Maxlab. 

For the photoemission study of chemisorption0f C60 on InP (100), the spectra 

were acquired using MgKa X-rays for core levels Cls, P2p; and a helium discharge lamp 

for core level In4d, valence band and Fermi edge. The experiment resolution was 0.85 eV 
for XPS and 0,09 eV for UPS respectively [4]. Fig. 2.9 gives an example of Fermi edge 

spectrum from which the resolution information can be obtained. The overall resolution 

can be defined as the distance between the two points in the energy axis corresponding to 

the 10% and 90% height of Fermi edge spectrum respectively. For example, A-0.09 eV 
is the resolution in Fig. 2.9. 
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Fig. 2.9 Fermi edge acquired with He-I UV light 21.2 eV and 

fitting with Fermi-Dirac additive and linear background, from 

which the experiment resolution can be obtained, about 0.09 eV. 
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For the photoemission study of indium clusters on InP (100) - (2 x 4) surface, all 
In4d spectra acquired with synchrotron radiation were obtained with 50 eV photon 

energy. All spectra were acquired in normal emission with the synchrotron light incident 

at 60 degrees to the normal. The overall resolution of spectra acquired using synchrotron 

radiation is estimated at - 0.3 eV, using the Fermi edge of the metallic clusters, In 

addition we acquired spectra with He 11 radiation from a discharge lamp where the overall 

resolution was improved to - 0.09 eV [5]. Spectra acquired at this improved resolution 

were used to determine initial fitting parameters such as number of surface components, 
their energy position and the position and width of the bulk In4d component. Fig. 2.10 

gives an example Fermi edge acquired with synchrotron light photon energy 50 eV, from 

which the experiment resolution information can be obtained. 
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Fig. 2.10 Fermi edge acquired with synchrotron light hu = 50 eV 

and fitting with Fermi-Dirac additive and linear background, from 

which the experiment resolution can be obtained, which is about 

0.3 eV. 

For luminescent alkylated silicon quantum dots, core level Si2p spectra acquired 

with synchrotron radiation were obtained with photon energy 145 eV or 155 eV. Core 
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hv = 155 eV 

(I) 

(0 

5000 

level Cls, Ols were obtained with 633 eV. Valence band spectra were obtained with 145 

eV. Some of them were got in 1511 Maxlab, which is higher resolution third generation 

synchrotron source. Experimental resolution was about 0.1 eV (see Fig. 2.11 below). 

1.0 0.5 0.0 -0.5 -1.0 
Binding Energy (eV) 

Fig. 2.11 Fermi edge acquired with third generation synchrotron 
light source hu = 155 eV and fitting with Fermi-Dirac additive and 

linear background, the experiment resolution about 0.1 eV 
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2.3.1 Geometry of the measurements 

Fig. 2.12 shows the schematic drawing of photoemission experimental geometry. 

The manipulator mounted on the chamber can adjust the parameters: 0,4) and so on, For 

example , if we need to acquire spectra in the normal emission direction, the sample 

should be adjusted to face analyzer, i. e. 0=0. At station 4.1, Daresbury, the angle between 

analyser and beamline is 60', thus the sample should be rotated to Oh, =60'. 

e 

00 

(1) 

Fig. 2.12 Schematic drawing of the photoemission experimental 

geometry 
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2.3.2 Binding Energy Calibrations 

During the investigation of chemisorption0f C60 on InP (100), binding energies 
for UPS spectra were referenced to the Fermi level of a Ta plate at the base of, and in 

electrical contact with, the sample holder. XPS binding energies were calibrated using the 

bulk In4d line employing the binding energy value obtained from the corresponding Hell 

spectrum. 

During the investigation of surface- and cluster-related In4d lines, binding 

energies were referenced to the Fermi level of a Ta plate in good electrical contact with 
the sample and care was taken to ensure that no observable surface photovoltages were 

generated over the range of flux and energies used. In the surface space-charge region 
(SCR), if an electron excited by photon from valence band to conduction band, the 

electron would go to bulk and hole goes to surface region, thus the established voltage is 

called photovoltage. 

During the investigation of luminescent alkylated-Si quantum dots, binding 

energies were calibrated by measuring the 4f photoemission lines of a gold foil in direct 

electrical contact with the sample, with the binding energy Au 4f7/2 line defined as 84.0 

eV [6]. 
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2.4 Sample Preparation 

2.4.1 InP (100) Surface Treatment 

The InP (100) samples were cut from polished n-type InP (100) wafers (S-doped 

with n= 2X 1017 
, wafer thickness 400[tm; the reported resistivity was 1.5 x 10-2 Q CM; 

purchased from Wafer Technology Ltd). The samples were cleaned by a chemical etching 

treatment using a sulphuric acid and hydrogen peroxide solution (H2S04: H202: H20 

(3: 1: 1)) for 10 min at 60'C [7,8]. They were then rinsed with deionised (DI) water and 

dipped in an (NH4)2Sx solution for 20 min at 65'C to avoid oxide formation. 

Subsequently, they were again rinsed in running DI water and then rapidly introduced 

into an ultrahigh vacuum (UHV) chamber at a pressure below 5x 10-10 mbar. An In- 

terminated InP (100)-(2 x 4) reconstruction [7-9] was prepared by performing several 

cycles of sputtering (Ar+ ions, 0.5 keV beam energy, I ýA sample current) and annealing, 

until no impurities could be detected by photoemission, and sharp low-energy electron 

diffraction (LEED) patterns characteristic of the clean surface were observed [7,8]. 
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2.4.2 Si-Quantwu Dots 

The Si-quantum dots (Si-QDs) were prepared in the lab of Dr Ben Horrocks. This 

electrochemical method was developed by his group in The University of Newcastle upon 
Tyne [10]. 

Photoluminescent porous silicon layers were formed by galvanostatic anodization 

of boron-doped p-Si (100) oriented wafer (10 Q. cm resistivity, Compart Technology, 

Peterborough, UK) in a 1: 1 v/v solution of 48% aqueous IHF and ethanol solution. The 

electrochemical cell was machined from PTEE and circular in cross-section (I cm 

diameter). The silicon wafer was sealed to the base using a Viton TM O-ring. The counter 

electrode was a piece of tungsten wire coiled into a loop to improve the uniformity of the 

current distribution and the etching was carried out using a constant current source made 

in-house. See Fig. 2.13. A layer of luminescent porous silicon was made at high current 

density (30 min at 480-560 mA. CM-2 ) and cleaved from the surface by a subsequent 

"electropolishing" treatment (I min, 800 mA. CM-2) . 
The solution was decanted and the 

fluorescing silicon powder was dried under the vacuum of a rotary pump. The dry, 

hydrogen-terminated silicon powder was then transferred into a Schlenk flask on a 

grease-free vacuum line (employing Young's taps) and refluxed overnight in a dry 

toluene solution (Merck, distilled over Na) containing IM of the alkene (1-hexene, I- 

octene, 1-undecene or 1.9-decadiene, Merck) or dimethoxytrityl-protected undecenol 

(prepared by reaction of undecenol with dimethoxytryl chloride according to standard 

procedures [11,12]). Dimethoxytrityl is abbreviated as DMT throughout the text. 

Undissoved silicon particles were filtered off before all solvent and unreacted alkene was 

removed under reduced pressure with a rotary pump. Fig. 2.14 illustrates the process of 

Si-QD synthesis. Just prior to introduction to the main vacuum chamber, the quantum 

dots powder was redissolved by stirring in dichloromethane and a few drops were put 

onto the substrate (graphite, metal), then rapidly introduced into an ultrahigh vacuum 

(UHV) chamber at a pressure below 5x 10-10 mbar. We made attempt to measure 

HRTEM of this material and although we could not get the exact size we can certainly 

say that they are smaller than 6 nm, in particular we found very difficult to disperse them 
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probably due to very small size [13]. The estimated size of Q-dot is about 2.4 nm from the 

very recent STM and AFM results [14], see Chapter 5. 

Galvanostat 

Fig. 2.13 Schematic of electrochemical etching cell 

1. EC etching 2. Hydrogen terminated 
silicon dendrimers under vacuum 

Bits coming off Lum 

Dried wider %%c. 

ýtm-Sized PS-H dendrimers 

x Reflux in 
Toluene/Mesitylene 

Filtration It 

Remove solvents 06i 
reduced pressure 

4. Purtfication 3. Alkylation 

Fig. 2.14 Synthesis of Si-QD. 1) electrochemical etching; 2) 

hydrogen terminated silicon bits dried under vacuum; 3) 

alkylation; 4) pufification 
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2.5 C6o Evaporation and Coverage Calibrations 

C60, or "Buckminsterfullerene" after the famous architect Buckminster Fuller, is 

the most abundant member of a family of recently discovered carbon molecules [15,16], 

referred to as fullerenes. A fullerene is defined as a closed cage carbon molecule 

containing 12 pentagonal faces and any number of hexagonal faces, of whichC60 has 20. 

The discovery and structureOf C60is discussed in section 1.5.3 in this work. 

C60was deposited from a thoroughly outgassed home-built tantalum Knudsen cell 

onto the clean surfaces, which was made from a small sheet of Ta foil. This was folded in 

two and spot-welded around three edges, after which theC60was inserted and the forth 

edge spot-welded; finally a pinhole was made in one side. A thermocouple is also spot- 

welded directly onto the Knudsen cell, so that temperature can be monitored. The 

evaporations were made at temperature 690K, but Fullerene deposition was carried out 

with the sample at room temperature (RT). DuringC60 sublimation, the chamber pressure 

was maintained below 3x 10-9 Torr to avoid contamination. 

TheC6o/InP (100) monolayer coverage was defined as the saturation coverage left 

on the InP surface after annealing aC60multilayer film at 600 K [17]. Other coverages 

were deduced from the peak heights of the Cls photoemission line relative to those of the 

In3d level in this work. 
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2.6 Temperature Measurements 

Sample temperatures were measured by a K-type thermocouple, (Nickel - 
Chromium & Nickel - Aluminium, measured temperature range from -200 'C to 1250 

'C) in close proximity to the sample holder, using slow heating and cooling to ensure 

proper temperature equilibration. This measurement applied both in Daresbury and Max- 

lab, For example, Fig. 2.15 shows the two thermocouples attached to the sample holder 

which we used in 1511, Max-lab. 

Fig. 2.15 The sample holder with two attached K-type 

thermocouple which we used in 1511, Max-lab 
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2.7 Photolurninescence Spectroscopy 

Photoluminescence spectra were acquired by SPEX 1681B 0.22m Spectrometer 

and KEITHLEY-617 Programmable Electrometer controlled by a self-written HP-VEE 

programme, with a Model H957 photomultiplier module (Built-in PMT R928), 

manufactured by Hamamatsu. The overview of the experiment arrangement is given in 

Fig. 2.16. One IEEE488.2 Interface Board, Model KPCI-488 has been plugged in the 

computer. 

Command 
light light F-----i current 

b. - 
I 

01 SPEX 1681 B op-I PMT ol KEITHLEY617 

Data 

Fig. 2.16 Overview of experiment arrangement for 

photolurninescence spectroscopy 

computer 
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2.7.1 Photon Spectrometer and Photomultiplier Tubes 

SPEX 1681B 0.22m spectrometer is a compact, general- purpose spectrometer 

that can deliver radiation in the region between 185 and 1000 nm without sacrificing 

throughput. As shown in the optical diagram (Fig. 2.17), incoming light focused onto the 

entrance slit is directed by a 45 ' mirror (Ml) to collimating mirror (M2). From here, light 

is dispersed by the grating (G) onto mirror M3. Since the grating sorts light according to 

wavelength depending on the grating angle, only a narrow, specific band of light will be 

directed out the exit slit by the last mirror (W). The narrowness of that bandpass is 

determined by the slit width. The specification resolution is 0.25 nrn at 546 nrn with 50 

ýtrn slits and 1200gr/mm grating. In our case, in order to obtain the maximum intensity of 

the photoluminescence light, the both slits were set to 8 mm, thus the overall bandpass 

was about 26 nm. 

. -Oll 
Entrance 

Adjust 
Knob 

Wavelength 
Counter 

Fig. 2.17 Optical diagram of SPEX- 168 1B spectrometer 
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Photomultiplier tube is the most important component in this experiment, whose 

photocathode response characteristics affects the quality of final photoluminescence 

spectroscopy. Fortunately, we got Model R943-02 photomultiplier tube manufactured by 

Hamamats, which is a flat line of photocathode radiant sensitivity with wavelength in a 

wide range between 3 00 and 800 nm, see Fig. 2.18. The dark current is less than 0.1 pA 
from our experiments. 
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Fig. 2.18 characteristic of the Photomultiplier tube 
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2.7.2 KEITHLEY Programmable Electrometer and HP VEE 

Control Programme 

The Keithley Model 617 Programmable Electrometer is a highly sensitive 

instrument designed to measure voltage, current, charge, and resistance. Here I used it to 

measure current from photomultiplier tube, With a Model KPCI-488 interface board, the 

communication between the electrometer and computer is controlled by a Hewlett - 
Packard Visual Engineering Environment (HP VEE) programme which I wrote for the 

purpose, 

6 objects selected HOL) 

Fig. 2.19 HP VEE programme for the control and data acquisition of Keithley 
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HP VEE is a visual programming language that produces dramatic reductions in 

test development time. Programs are constructed by connecting icons together on the 
screen [ 18]. The resulting IHP VEE programme - which resembles a block diagram - may 
be run like a programme in a textual language such as C or Visual Basic. 

Fig. 2.19 is the aspect of my Keithley control and data acquisition programme. 
The photoluminescence spectrum can be displayed in real time during the experiment, 

meanwhile, the data also stored in a preset folder in ASCII format. 
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2.8 Description of Atomic Force Microscope 
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Fig. 2.20 MultiModel SPM [ 19] 
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The MultiModel SPM has been used to study indium clusters and silicon quantum 
dots topography in this thesis. It is designed around a stationary probe. That is, samples 

are scanned back and forth beneath the probe. This is opposite to other designs, which 

mount samples stationary while scanning probe back and forth above them. In this section 

a basic description of the technique is presented 

oro P- 

iNermittent- 
co nta(,,, t 

contact 

on-contact 

repuzmeforce 
I 

distanoe 
(t ip-to-sample separation) 

j 

attracýve force 

Fig. 2.21 Variation of the Van der Waals force with the tip to sample distance [20] 

In atomic force microscope, the forces between atoms in the probe tip and in the 

sample's surface are measured. The probe tip is located at the end of a flexible cantilever, 

which will bend as a response to these forces. A deflection sensor placed in the scanning 
head measure the bending of the cantilever. The scanner is a tube made of a piezoelectric 

material, which means that it will expand or contract with applied voltage and it can be 

used to move the probe with extremely fine precision in the x, y and z direction. In order 

to keep the cantilever deflection constant, the scanner must move the cantilever up or 
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down. Since the scanner motion therefore corresponds to the surface topography of the 

sample (convoluted with tip shape), it is used to generate an image of the sample surface. 

Both attractive and repulsive contributions are associated with the forces on the 

cantilever [21]. Fig. 2.21 shows the variation of the force with the distance between the 

tip and the sample's surface. As the distance between the tip and the sample decreases 

(moving from right to left in the curve), their respective atoms begin to attract each other. 
This attraction increases until the atoms are so close together that their electron clouds 
begin to repel each other electro- statically (lowest point of the curve). From this point on, 
the repulsive forces increases gradually as the interatomic distance continues to decrease 

and force reaches the value zero. At this moment, the distance between the atoms is a 

couple of angstroms (about the length of a chemical bond). When the Van der Waals 

force becomes positive, the atoms of the tip and sample are in contact. In Fig. 2.21 we can 
distinguish between two different regimes: (1) the contact regime, where the cantilever tip 

and the sample are less than a few angstroms from each other and the interatomic force 

between them is repulsive; (2) the non-contact regime, where the cantilever and the 

sample are on the order of tens to hundreds of angstroms from each other and the 
interatomic force between them is attractive. 

In contact AFM mode the AFM tip makes soft "physical contact" with the 

sample's surface. As shown in Fig. 2.21, in this regime the slope of the curve is very high, 

meaning that the repulsive force cancels any possible attractive force between the atoms. 
This means that when the cantilever pushes the AFM tip against the sample, it is the 

cantilever itself that bends rather than moving the tip atoms closer to the sample atoms. 

In addition to the Van der Waals force, two other forces must be accounted for in 

contact AFM mode: i) a capillary force due to the thin water layer often found on the 

sample surface in an ambient environment; and ii) a force due to the cantilever itself The 

capillary applies a strong attractive force (- 10-8 N) that holds the tip in contact with the 

surface and its magnitude depends upon the distance between the tip and the sample [22]. 

However, this force should be constant as long as the tip and the sample are in contact 
due to the fact that it is not possible to reduce the distance between the tip and the sample. 
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The force applied by the cantilever is variable and depends upon the deflection of the 

cantilever and its spring constant. 

In non-contact mode, an AFM tip is vibrated near the surface of the sample 

allowing imaging sample topography with little or no contact between the tip and the 

sample. The total force between the tip and the sample is very low (_10-12 N), which is of 

great advantage for studying soft or elastic samples [22]. Also, it allows samples like 

silicon wafers not to be contaminated through contact with the tip. 

Non-contact AFM mode requires stiffer cantilevers than contact AFM mode, so 
they can not be pulled in contact with the sample surface. This cantilever is vibrated near 
its resonant frequency with amplitude of a few tens to hundreds of angstroms and any 

changes in the resonant frequency or vibration amplitude are detected as the tip moves 

close to the sample surface. Changes in the resonant frequency of the cantilever are 

related to changes in the force gradient experienced by the cantilever, which at the same 
time varies with the tip-to-sample separation, or sample topography. 

In intermittent-contact AFM mode the cantilever tip is brought closer to the 

sample than in non-contact AFM mode, so that it "taps" the sample as it scans through it. 

This mode is also called "tapping mode". 

Intermittent-contact AFM is less likely to damage the sample than contact AFM 

because it eliminates lateral forces, such as friction, between the tip and the sample. 

In intermittent-contact AFM mode, surface topography images are obtained by 

monitoring the changes in the resonant frequency of the cantilever as this is moved across 
the surface of the sample, similarly as in non-contact AFM mode. 
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Chapter 3 Chemisorption0f C60on InP (100) Surface 

In this Chapter, the growth models and criteria of chemisorption 

are described. The evolutions of core level and valence band asjunction of 
C60coveragelannealing temperature are discussed The growth model and 

electronic structureOf C60molecules adsorbed on InP (100) were studied 
by X-ray photoemission spectroscopy (. "S) and ultraviolet photoemission 

spectroscopy (UPS) as ajunction of coverage and annealing temperature. 

The C Is, P 2p, In 4d core levels and the valence band spectra point to the 

presence of a localized covalent bond between C60 molecules and the 

substrate. No filling of the lowest unoccupied molecular orbit derived 

bands was observed The absence of any change in the surface components 

of In 4d core level upon C6o adsorption indicated that the chemisorption 
bond exists between the jullerene molecules andphosphorus atoms rather 

than between Go molecules and indium atoms. 1his assertion is supported 
b the simultaneous desorption of bothC60 and P upon annealing to 640K y 

and above. 
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Since fullerenes were discovered in the environment, many methods for their 

production have been investigated [1-3]. The formationOf C60monolayer (MIL) films on 

many kinds of surfaces is a topic of great interest 

In this work we demonstrate (a) hybridisation between the fullerence and InP; (b) 

the existence of a chemisorption bond betweenC60molecules and P atoms rather than 
betweenC60molecules and indium atoms; (c) the presence of metallic indium clusters 

when annealing temperature is increased to 640K. 

The experiments were carried out in station 4.1, Daresbury. The sample 

preparation can be found in section 2.4.1. Photoemission spectra were acquired with a 

SCEENTA SES-200 analyser using MgKa X-rays and a helium-discharge lamp for core- 
level (X-ray photoelectron spectroscopy (XPS)) and valence-band (ultraviolet 

photoemission spectroscopy (UPS)) spectra, respectively. The experimental resolution 

was 0.85 eV (0.09 eV) for XPS (UPS) photoemission spectra [4]. Binding energy 

calibration can be found in section 2.3.2. CO deposition and coverage calibration can be 

found in section 2.5. 

3.1 Growth Models 

Extensive experimental results point to the existence of three distinct equilibrium 

growth models [5], each named after investigators associated with their initial description: 

Frank-Van der Merwe (FV) growth, Stranski-Krastanov (SK) growth and Volmer-Weber 

(VW) growth. FV growth follows the layer-by-layer scenario, one monolayer after the 

next, up to some desired thickness of overlayer material. However, one often finds that 

the deposited material "balls up" into three-dimensional clumps, which only later 

coalesce into a thick polycrystalline film. VW growth is just the opposite of the FV 

model. Three-dimensional crystallites nucleate immediately upon contact and the 

overlayer may not completely cover the exposed substrate surface until a great many 

atoms have been deposited. SK growth lies in between: a few monolayers adsorb in layer- 

by-layer fashion before three-dimentional clumps begin to form. Fig 3.1 shows 

schematical illustration of three types of growth models: (a) Frank-Van der Merwe (FV); 

(b) Stranski-Krastanov (SK) growth; (c) Volmer-Weber (VW) growth. 
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(a) 'hird monolayer 
; econd monolayer 

first monolayer 

(b) ; econd monolayer 

first monolayer 

(C) 
FL I 

substrate 

Fig. 3.1 Schematic illustration of three types of growth models: 
(a) Frank-Van der Merwe (FV); (b) Stranski-Krastanov (SK) 

growth; (c) Volmer-Weber (VW) growth [5] 
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Fig. 3.2 Fullerene coverage vs. evaporation time. I MIL coverage 

was defined as the saturation coverage left on clean InP (100) 

surface after annealing a C60multilayer film at 600 K. Other 

coverages were deduced from the peak heights of the C Is 

photoemission line relative to those of the In 3d level [4]. 
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The growth model information could be obtained from the relationship between 

the coverage of adsorbate and evaporation time. Fig. 3.2 shows the relationship between 

C60 coverage and evaporation time- it exhibits the typical 3-D (Vollmer-Weber) growth 

model behaviour. The same growth model has been observed by STM [6] for C60 on 
GaAs (I 10). Further information about the growth model andC60-InP interaction can be 

gained from the C Is photoemission line in section 3.3. An asymmetric lineshape is 

observed even above monolayer coverage resulting from the 3-D growth model at room 

temperature - molecules in several incomplete layers are probed, the core hole in each 
layer experiencing a different degree of screening and hence displaying slightly different 

binding energies [7]. The three-dimensional growth results in changes to the P 2p 

lineshape even above a nominal I ML coverage as well (section 3.3). 

3.2 Adsorption Models 

There are two principal modes of adsorption of molecules on surfaces: Physical 

adsorption (Physisorption) and Chemical adsorption (Chemi sorption). The basis of 

distinction is the nature of the bonding between the molecule and the surface. 

The weakest form of adsorption to a solid surface is called physical adsorption, or 

physisorption. It is characterized by the lack of a true chemical bond between adsorbate 

and substrate. The attractive force that binds a gas phase species to a solid is van der 

Waals interaction [5]. There is no significant redistribution of electron density in either 

the molecule or at the substrate surface. 

However, chemical bonds exist in chemisorption, involving substantial 

rearrangement of electron density, is formed between the adsorbate and substrate. The 

nature of this bond may lie anywhere between the extremes of virtually complete ionic or 

complete covalent character. Foreign gas atoms that strike the surface may bind to one of 

the surface sites through formation of a surface chemical bond. If the foreign gas atoms 

are adsorbing to the surface through chemisorption, the photoemission spectra peak 

position should be different with the reference data and changing because the binding 

circumstance is changing as the coverage increasing. In our case, as the coverageOf C60 
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increased, both the peak positions of C Is and P 2p have been changed. Detailed results 

can be found in section 3.3. 

Furthermore, the non-rigid band shift in valence band is a signature of chemical 
bond formation, in particular hybridisation, between the substrate and adsorbed fullerene 

molecules. Comparing submonolayer with multilayer spectra, we notice that the position 

of the highest occupied molecular orbital (HOMO) stays constant, while the HOMO-1 

shifts to higher binding energies-non-rigid shift, see section 3.3. 

3.3 The evolution of core levels and valence band asC60coverage 

From the core level C Is, P 2p and valence band spectra acquired in differentC60 

coverage, we can get information about the growth type and bonding type on the 

sub strate. 

3.3.1 The evolution of C Is asC60coverage 

.F 

cu 2111 

0.65ML 

Cl) 

C 2ML 
1.13ML 

282 288 287 286 285 284 283 

Binding Energy (eV) 

Fig. 3.3 C Is photoemission spectra (hu=1253.6eV) for 0.65 ML 

and 1.13,2, and 8 MILOf C600n InP (100) [4]. 
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Fig. 3.3 presents spectra for a range of coveragesOf C60on InP (100) and the Fig. 

3.4 shows the C Is peak position vs. coverage. With increasing coverage, the C Is 
binding energy (EB) is shifted to higher binding energies. The C Is binding energy for 

0.65 MIL is 0.34 eV lower than that for 8 MIL, which is located at 284.65 eV. This shift is 

mainly due to reduced image screening for molecules in the multilayer [7]. In addition, 
the full width at half maximum (FWHM) of the C Is line at submonolayer coverages is 

increased to 1.46 eV in comparison to a FWHM of 1.27 eV at coverage of 8 ML. An 

asymmetric lineshape is observed even above monolayer coverage resulting from the 3-D 

growth mode at room temperature, because molecules in several incomplete layers are 

probed, the core hole in each layer experiencing a different degree of screening and hence 

displaying slightly different binding energies [7]. A very small broadening of - 0.1 eV of 
the C Is line was reported forC6o adsorbed on GaAs (110) [8]. 

284.7 
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Fig. 3.4 The relationship between C Is peak position andC60 

coverage 

3.3.2 The evolution of valence band asC60coverage 

Changes in the electronic structure Of C6o brought about by adsorption can be 

further assessed by comparing valence-band spectra of 1.13 MEL C60/InP (100) with those 

of submonolayer (0.26 ML, 0.65 ML) and mutilayer (2 ML, 8 ML) films on the same 
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C60/InP(l 00) 
T= 300K 

substrate, as shown in Fig. 3.5. Comparing submonolayer with multilayer spectra, we 

notice that the position of the highest occupied molecular orbital (HOMO) stays constant, 

while the HOMO-1 shifts to higher binding energies, shown in Fig. 3.6. This non-rigid 
band shift is a signature of chemical bond formation, in particular hybridisation, between 

the substrate and adsorbed fullerene molecules, although it is usually accompanied by 

significant extra broadening [9,10] of the HOMO-1 related feature, absent in this case. 

I 
:1 

HOMO-ý 

642 
Binding Energy (eV) 

Fig. 3.5 Valence band photoemission spectra (hu=21.2eV) collected 

for 0.26,0.65,1.13, and 8 ML Of C60 on InP (100) [4]. 
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Fig. 3.6 The HOMO and HOMO-1 peak position vs. coverage; 

the error bars are within the size of the dots [4]. 

3.3.3 The evolution of P 2p as coverageOf C60 

To determine more about the nature of the substrate-adsorbate bond we recorded P 

2p core level XPS spectra and In 4d UPS spectra with differentC60 coverages. Fig 3.7 

shows P 2p core levels for a range of coverages Of C60 on InP (100). The Fig. 3.8 shows 

the P 2p peak of clean InP, and withC60 coverages of 0.65 ML and 8ML, all normalised 

to the same peak height after subtraction of the background. It is clear from Fig. 3.8 that 

there is a small shift in line position and corresponding change in lineshape withC60 

coverage, which can be associated with a shift of a surface-related component of the P 2p 

line. The three-dimensional growth results in changes to the P 2p lineshape even above a 

nominal I ML coverage. 
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Fig. 17P 2p core level photoemission spectra (hv= 1253.6 eV) 
Of C60on InP (100) [4]. 
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Fig. 3.8 Re-scaled spectra of clean InP, and withC60coverages of 

0.65 and 8 ML with backgrounds subtracted [4] 
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Fig. 3.9 The P 2p core level photoemission spectrum (hv= 1253.6 

eV) of 2 MLC60 on InP (100). Experimental spectrum (dotted 

line) was fitted to a Shirley background and two mixed doublet 

components: bulk (1) and surface (2) components [4]. 

Fig. 3.9 shows the lineshape analysis of the P 2p core level photoemission 

spectrum of 2 MLC60 on InP (100); this was fitted to two mixed doublets and a Shirley 

background. During the fitting procedure the spin-orbit splitting was kept fixed at 0.86 eV 

and the branching ratio set to 0.5 [11]. The Fig. 3.10 shows P 2p surface component peak 

position vs. coverage. With increasing coverage, the P2 surface component peak P 

position shifts to higher binding energies. This is indicative of a chemisorption bond 

betweenC60molecules and P atoms. 
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Fig. 3.10 The surface component peak position of the P 2p vs. 

coverage [4]. 

3.3.4 The In 4d core level spectra in differentC60coverage 

For In 4d UPS (hv= 40.8 eV) spectra, the line was fitted with 3 mixed doublets 

and a Shirley background. Surface component (3) is attributed to the In-P bond [I 1- 14], 

while the surface component (2) is still not uniquely assigned [12,13]. During the fitting 

procedure, spin-orbit splitting was kept fixed at 0.86 eV; the branching ratios were 0.65 

[II]. Fig. 3.11 shows the lineshape analysis of the In 4d photoemission spectrum (hv= 

40.8 eV) of 0.26 MLC60on InP (100). Fig. 3.12 shows the binding energy of the surface 

component (3) of the In 4d line as a function0f C60coverage. It is clear that there is no 

change in binding energy over the coverage range studied nor after annealing (open 

circle). The same observation is made for the surface component (2). This implies that 

there is no significant perturbation of the surface In atoms by the adsorbedC6o and that 

consequently bonding is localised between the adsorbedC6o and the surface P atoms. 
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Fig. 3.11 The In 4d photoemission spectrum (hv= 40.8 eV) of 

0.26 MLC60 on InP (100). The experimental spectrum (dotted 

line) was fitted to a Shirley background and three mixed doublet 

components: bulk (1) and surface (2 & 3) components [4]. 

Fig. 3.12 The indium surface component (3) of In 4d peak 

position vs. coverage (m), in comparison with that of IMLOf C60 

on InP (100) after annealing at 600 K (o) [4], 
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3.4 The evolution of core levels and valence band as annealing 
temperature 

The localization of chemical bonding between theC60 and P is indicative of a 

primarily covalent interaction between the adsorbed C60 and the InP (100) surface - 
charge transfer interactions are generally delocalised and would be expected to perturb 
both the In and P core lines contrary to our observations. The absence of appreciable 

charge transfer is reflected in the valence band spectra of Fig. 3.13. Any transferred 

charge would have to be accommodated in the normally empty ti. lowest unoccupied 

molecular orbital which can result in the presence of full erene-related photoemission 
features near the Fermi level (EF) [15,16]. Such features are noticeably absent from our 

valence band spectra at allC60coverages and under all annealing conditions used. 
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Fig. 3.13 Valence-band spectra (hv= 21.2 eV) collected forC60on 

InP (100) as deposited at RT and after various annealing steps. 

Spectra from the clean surface and a coverage of 1.13 MLC60/InP 

(100) before annealing are plotted for comparison [4]. 
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3.4.1 The evolution of core level C Is and valence band as 

annealing temperature 

To follow changes in the adsorbedC60 layers upon annealing, we recorded C Is 

XPS after annealing at 600 K, 640 K, 690 K and 740 K. The results are shown in Fig. 

3.14 together with a spectrum from RT-grown 1.13 MLC6o/InP (100). Annealing to 640 

K causes the core line shifted by 0.1 eV to lower binding energy, and further, a small 

narrowing (- 0.05 eV) of the C Is line is observed. After annealing cycles at 600 K and 

640 K, the ratio of C Is to In 3d peak height is found to be unchanged, indicating that 

desorption of less strongly bound molecules cannot account for the narrowing of the C Is 

line. Therefore, the narrowing probably arises from changes in adsorption state and or 
better ordering of the fullerene molecules in the film. These changes are reflected in the 

valence band UPS spectra from the same surfaces. The results are shown in Fig. 3.13, 

together with a spectrum from RT-grown 1.13 MILC6o/InP (100) and a spectrum from the 

clean InP (100) surface. 
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Fig. 3.14 C Is photoemission spectra (hv= 1253.6 eV) Of C60 on 

InP as deposited at RT and after various annealing steps. Also 

plotted, for comparison, is the C Is spectrum of 1.13 MLC60/InP 

(100) before annealing [41- 
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3.4.2 The components of core level In 4d spectrum at high 

annealing temperature 

Annealing to 640 K causes HOMO peak position shifted by 0.3 eV and HOMO-1 

shifted by 0.1 eV towards higher binding energy. After annealing to 690 K, substantial 
desorption of carbon is observed and the ratio of C Is to In 3d peak height is reduced by 

about one third. Further broadening of the valence band features is observed at this 

temperature with the fullerene-related signal superimposed on a strong background from 

the InP surface. 

It is found that, with increasing annealing temperature to 640 K, there is a small 

metallic component in the In 4d core level photoemission spectrum appears, which 
indicates the presence of metallic indium clusters. Previous work on sputtering of InP 

[17] shows a similar component which arises due to the preferential sputtering of 

phosphorous. Thus) the metallic indium component is a characteristic signature of 

phosphorous desorption from the InP (100) surface. The intensity of metallic indium 

component rises with increasing temperature, while intensity of both C Is and P 2p peaks 
falls. This indicates thatC6o and phosphorous might desorb together from the surface and 
thus this could be a further support for the conclusion that bonding betweenC60 and InP 

(100) is mediated by covalent bonding with surface P atoms, the surface In atoms playing 

a passive role. Fig. 3.15 shows the In 4d photoemission spectrum (hv= 40.8 eV) after 

annealing to 740 K. The experimental spectrum (dotted line) was fitted to Shirley 

background and four doublet components: bulk (1), 2 surface (2,3) and metallic indium 

(4) components. The metallic In component is clearly visible and is at a different binding 

energy to the surface component (2), enabling a clear differentiation between the two In 

species [14]. The detailed discussion on this metallic indium component-indium cluster 

can be found in next chapter. 
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Fig. 3.15 The In 4d photoemission spectrum (hv= 40.8eV) after 

annealing to 740 K. The experimental spectrum (dotted line) was 
fitted to a Shirley background and four mixed doublet 

components: bulk (1), surface (2 & 3) and metallic indium (4) 

components [4]. 

The possible reconstruction models for the In rich (2x4) InP (100) surface are 

show in Fig. 3.16, (a) P-trimer, (b) In-trimer, (c) P-dimer, (d) In-dimer, (e) In and P 

mixed-dimer. The presence of P at the outermost surface is necessary forC60 to bond to 

the phosphorous. Normally, isolated P behaves as an electron donor and C60 as an 

acceptor. If a P-P dimer is formed on the InP (100) surface a dangling p-orbital is present, 

or for the case of the In-P mixed dimer a (T-like bond is formed by in plane In SP2 hybrids 

and aP p-orbital [21]. Since we did not observe any significant changes in the In 4d 

surface components within our resolution, there is a strong possibility that P-P dimers are 

present on the InP (100)-(2x4) surface. However, it is also possible (although unlikely 

given the lack of change in the surface components of the In 4d line) that the adsorption 

Of C60may lead to a new surface reconstruction, which involves the presence of surface 
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phosphorous dimers. Further experimental investigations are necessary to fully resolve 

this issue. 

(a)(2x4) P-trimer 

(c)(2x4) top-P-dimer 

(e)(2x4) mixed-dimer 

(2x4) In-trimer 

(d)(2x4) In-dimer 

[0 11] 

110111 

Fig. 3.16 Top view of InP (100) (2x4) surface reconstruction 

models. Empty (filled) cirles represent In (P) atoms. Large (small) 

symbols indicate positions in the first and second (third and forth) 

atomic layers [20]. 
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3.5 Summary 

The growth models and criteria of chernisorption are described. The evolution of 
core level and valence band as function Of C60 coverage/annealing temperature is 

discussed. The growth model and electronic structureOf C60molecules adsorbed on InP 

(100) were studied by X-ray photoemission spectroscopy (XPS) and ultraviolet 

photoemission spectroscopy (UPS) as a function of coverage and annealing temperature. 

We have found [4] thatC60molecules adsorbed on InP (100) at room temperature form a 

chemical bond with the substrate, but without any observable charge transfer into the 
lowest unoccupied molecular orbital (LUMO) of theC60molecule from the substrate. The 

resulting covalent bonds are localized between theC60molecules and surface phosphorus 

atoms. This assertion is supported by evidence from annealing experiments which show 

simultaneous desorption of carbon and phosphorous. Careful analysis of In 4d core level 

spectra indicate that there is no detectable interaction between theC60 and surface In 

atoms, suggesting the presence of P-P or mixed In-P dimers in the surface reconstruction 

of the substrate. 
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Chapter 4 Nanometre scale Indium clusters on InP (100) 
surface 

The evolution of clean, In-terminated InP (100)-(2 x 4) surfaces is 

investigated by synchrotron-radiation-excited photoemission 

spectroscopy (SRPES) as a function of annealing temperature. As- 

prepared InP (100)-(2 x 4) surface are found to be ftee of metallic 

indium, and the Jn4d core level shows two clear surface components. A 

third, indium-cluster-related component appears after annealing above 

360 :: ý 10 T, due to phosphorous desorption, and is accompanied by a 

corresponding reduction in intensity in the In-P surface component. 

Further annealing leads to a decrease in binding energy of the indium 

cluster related peak due to increased metallicity and hence core-hole 

screening in the clusters. The increasingly metallic nature of the indium 

clusters is also revealed by the appearance and growth of a Fermi edge 

in valence band spectra. Some ARPES results and AFM images are also 

given. 
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Nanoscaled clusters study is on its way to a new climax [1-4] because cluster 

matter as a representative of novel materials has been indispensable in understanding the 

transition from the atomic to bulk solid state [5], and has plenty of future potential 

applications, such as heterogeneous catalysis [6], nonlinearoptics [7,8], and nanoscale 

electronics [9,10]. Indium clusters might have important role in formation InO" thin films 

[11,12], known as sensor elements. It has been found that indiurn cluster is a liquid-like 

structure but a solid-like structure for aluminium clusters [13]. 

Samples were mounted on a Ta plate and, in general, evenly heated by electron 

bombardment. However, one of the samples was unevenly heated in order to get a full 

temperature gradient across the surface. This was achieved by fixing one end of the 

sample tightly to the sample holder while the other end was loosely held (henceforth we 

will call this the 'temperature gradient heated sample'). All the data presented in this 

work correspond were obtained from the evenly heated samples unless explicitly stated 

otherwise. Sample temperatures were measured by K-type thermo-couple in close 

proximity to the sample holder, using slow heating and cooling to ensure proper 

temperature equilibration. The sample preparation can be found in section 2.4.1. The 

experimental resolution was 0.3 eV [14,15]. Binding energy calibration can be found in 

section 2.3.2. 

The temperatures of the temperature gradient heated sample were calibrated by 

comparing area ratios of all components with those of other spectra that were taken from 

evenly heated samples (in all cases the samples were heated for an equal time of 2 min). 

The separation of selected adjacent points was -3 mm, and the corresponding 

temperature difference was no more than 20'C, thus we estimate that the temperature 

variation across the spot exposed to synchrotron light (- I mm) on the temperature 

gradient heated sample was not more than IOT. Area ratios for a given component are 

defined as the sum of the In4d3/2 and 4d512 peak areas for that component divided by the 

total area of the core line (sum of all components). 
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4.1 The evolution of In-terrmnated InP (100)-(2 x 4) as a function of 

temperature 

Fig. 4.1 shows In4d core level photoemission spectra obtained with 50 eV photon 

energy from clean and evenly heated samples. Each curve indicates a new sample evenly 

heated to the labelled temperature. One can see a rise in the shoulder on the low binding 

energy side of the In4d core line, associated with formation of indium clusters due to the 

loss of phosphorus [16]. As the temperature of the surface becomes higher, the number 

and/or size of the clusters increases. Exactly the same behaviour was observed on the 

temperature gradient heated sample: see Fig. 4.2. 

C: 

ICU 
C: 

In4d hu=50eV 

4700C 

4500C 

4400C 

420"C 

Clean surface 

20 19 18 17 16 

Binding Energy (eV) 

15 

Fig. 4.1 In4d photoemission spectra (hv= 50eV) of the cluster- 

free InP (100)-(2x4) surface and of four samples heated to the 

temperatures denoted in the figure. A clear rise of the shoulder on 

the low binding energy side is observed [ 15]. 
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Fig. 4.2 In4d photoemission spectra (hv= 50eV) of the 

temperature-gradient-heated sample [15]. 

In addition to the obvious growth of the cluster-related component as we scan 
from the end annealed at the lower temperature to the higher, one can see an additional 

effect,, an asymmetric narrowing of the In4d line on the higher binding energy side 
(indicated with an arrow in Figure 4.2). 

Initial atomic force microscopy (AFM) measurements of a gradient heated sample, 

across the whole length of the surface indicated the presence of a large number of clusters 

with strong increase in cluster coverage with temperature, see section 4.6. 
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4.2 In4d components: bulk, surface and Indium clusters 

In order to understand this behaviour and follow the cluster growth mechanism 
further, we studied the evolution of the shape of the In4d core levels for both evenly 
heated samples and the temperature gradient heated sample in detail. Figs. 4.3 and 4.4 

show the In4d photoemission spectra of the clean surface and after annealing at 470'C 

respectively. The experimental spectrum was fitted to three (for the clean surface) or four 

(for the annealed surface) mixed doublets with a Shirley background. During the fitting 

procedure, spin-orbit splitting was kept fixed at 0.86 eV; the branching ratio was 0.65. 

The position of the bulk component was kept fixed within ± 0.02 eV, and the width was 

allowed to vary by ± 0.05 eV. The initial parameters for fitting the In4d core lines were 

obtained from fits to spectra of the clean InP (100)-(2x4) surface [14] obtained with HeII 

radiation - these spectra were acquired at an improved resolution of 0.09 eV, but at the 

expense of enormously increased acquisition time. The clean surface was fitted to three 

rather than four components since the addition of a fourth component led to no significant 
increase in the quality of the fit, as would be expected if a fourth doublet was genuinely 

present. It should be noted that the FWHM of the In4d lines is slightly larger for the clean 
(2x4) surface than for the annealed surface (0.60 and 0.53 eV respectively) we attribute 

this difference to the presence of defects on the as prepared (2x4) surface, which are 

subsequently reduced in density by the annealing procedure. Table 4.1 and 4.2 give the 

fitting parameters of the clean surface and annealed surface. 
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Fig. 4.3 In4d photoemission spectrum (hv= 50eV) of clean InP 

(100)-(2 x 4). The experimental spectrum (dotted line) was fitted 

to a Shirley background and three mixed doublet components: 
bulk (1) and surface (2 & 3) components. The line marked 'R' 

shows the residuals of the fit [15]. 

The In4d core level spectrum of the clean surface can be decomposed into a bulk- 

related doublet (In-1) and two surface contributions (In-2 and In-3), which exhibit core 
level shifts compared to the dominant bulk component of +0.40 ± 0.03eV and -0.30 ± 
0.03 eV respectively, which is consistent with previous studies [17-19]. The In-3 

component has been attributed to three-fold coordinated Indium surface atoms, which 

exhibit charge transfer to three-fold coordinated P surface atoms [19,20]. The component 
labelled In-2 might be associated with four-fold coordinated surface indium atoms, which 

are characterized by charge accumulation [19]. After the sample was heated above 360T, 

the surface showed thermal decomposition, as a result of which the In4d spectra had to be 

fitted with four doublets and a Shirley background [21,22]. The fourth doublet (In-4) we 

relate to contributions from metallic indium clusters, formed from surface indium 

liberated during the annealing process. 
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Fig. 4.4 In4d photoemission spectrum (hv= 50eV) obtained after 

annealing a clean surface at 4700C. The experimental spectrum 

(dotted line) was fitted with a Shirley background and four mixed 
doublet components: bulk (1), surface (2 & 3) and indium cluster 
(4) components. The line marked 'R' shows the residuals of the 

fitting [15]. 

It is worth mentioning the differences in In4d fitting procedures between our work 

and that of others. Some groups fit the In4d photoemission spectrum of the cluster-ftee 

InP (100) surface with four doublets and a Shirley background [7,8] and others with three 

doublets and a Shirley background [17-19,23]. After experimentation with fitting 

parameters we found that three doublets (one bulk and two surface components) were 

enough; after annealing to temperatures beyond the P thermal desorption point, metallic 

indium appeared on the surface, requiring a fourth doublet. During the fitting procedure, 

the branching ratio and spin-orbit splitting should be kept fixed for all components, 

though in ref ([2 1 ]), the branching ratio was allowed to vary considerably. 
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Table 4.1 The fitting parameters of the clean surface 

Component B si S2 

Shift relative to bulk (eV) 0 -0.30 +0.40 

Width (eV) 0.60 0.60 0.60 

Spin-orbit splitting (eV) 0.86 0.86 0.86 

Branching ratio 0.65 0.65 0.65 

Table 4.2 The fitting parameters of the surface annealed at 470'C 

Components B Si S2 

Shift relative to bulk (eV) 0 -0.39 +0.16 -0.82 

Width (eV) 0.53 0.53 0.53 0.53 

Spin-orbit splitting (eV) 0.86 0.86 0.86 0.86 

Branching ratio 0.65 0.65 0.65 0.65 
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4.3 The evolution of components as a function of temperature 

Temperature (OC) 

0) 

m 

18.0 

17.8 

17.6 
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17.2 

17.0 

16.8 

16.6 

01 Bulk 
*2 S1 
A3 S2 
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T - ---------- - -------------- =r ..... ........ ----- --------------- 

420 440 460 480 

Fig. 4.5 Binding energy positions of all components for evenly 
heated samples [15]. 

In Fig. 4.5 we show the general trend of all four components for evenly heated 

samples. It is obvious that a shift in the both surface components and the cluster-related 

component is observed. Since the In-3 (second surface component, S2) is related to 

charge exchange between the indium and phosphorus [19], it is to be expected that, as one 
begins to lose phosphorus atoms, this component will become weaker and probably some 

redistribution of charge will occur. The reduction in intensity of this component is the 

main reason for the apparent narrowing of the In4d with temperature in Fig. 4.2. 
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Fig. 4.6 Binding energy position of the indium cluster related 

component against temperature for evenly heated samples [ 15 ]. 

Fig. 4.6 shows in greater detail how the position of the cluster-related spectral 

component of the evenly heated samples shifts with annealing temperature. When the 

annealing temperature is increased gradually from 4200C to 470'C, the cluster-related 

component position shifts to lower binding energy by 0.2 eV. Examination of the 

coverage dependence of core electron photoemission intensity and binding energy for 

simple, noble, and transition-metal clusters supported on amorphous carbon [3], has 

shown that very small metal-atom clusters, containing fewer than 30 atoms, are not fully 

metallic and final-state core holes are screened by polarisation of neighbouring atoms. 
Consequently, the binding energy depends only weakly on the cluster size [3]. In larger 

metallic clusters, conduction electrons screen the hole, with the missing charge appearing 

at the surface of the cluster. In this regime, the core electron binding energy shifts to 

lower values with increasing cluster size [3,101. The variation in binding energy of the 

cluster-related component of the In 4d line indicates that, for temperatures above 4200C, 

the indiurn clusters fall into the latter regime. 
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4.4 Valence band evolution 

To further investigate the evolution of the InP surface during annealing, we 
recorded valence band spectra after annealing at each temperature. Fig. 4.7 shows the 

normalised valence band spectra. After annealing to 440 ± IOT and above, a Fermi edge 
begins to become apparent in the spectra, indicating that the indium clusters, or a 

proportion thereof, have become fully metallic. By carefully inspecting the features of the 

valence band, one can also find that the highest surface state peak position shifts from 

1.70 eV to 2.05 eV when the annealing temperature is increased from 400T to 500T. 

-0 

clean surface hx)=50eV 

4000C 

4200C 

4300C 

4400C 

450 C 

4700C 

480'C 

x5 

x5 

x5 
5000C 

I 

x5 

4321 

Binding Energy (eV) 

Fig. 4.7 Valence-band spectra (hv= 50eV) collected at normal 

emission from InP(100)-(2x4) surfaces after various annealing 

steps 
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This might be interpreted as the appearance of new donor states in the gap during 

the annealing procedure, which donate electrons and shift EFcloser to vacuum level. This 

appears as a shift of the valence-band to a higher binding energy. Fig. 4.8 schematically 

illustrates the band structure change after annealing. 

CBM 

Vac 

----------------------------- 

VB 
(a) 

. _CBM_ 

VB 
(b) 

Fig. 4.8 Comparison of band structure: (a) before annealing and 

(b) after annealing. During the annealing procedure, appearance of 

new donor states in the gap donate electrons and shift Fermi edge 

closer to vacuum level, which is the reason why highest surface 

state peak position shifts to higher binding energy. CB- 

conduction band; VB-valence band. 

Vac 

EF 
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4.5 Angle Resolved Photoemission Spectroscopy of Indium clusters 

The angle resolved photoemission spectroscopy of the clean surface InP (100) has 

been done by two groups [24,25]. But, to our knowledge, no work has been done on the 

surface band structure of indium clusters with cluster free In-terminated InP (100)-(2x4) 

surface. In this work we acquired the angle resolved valence band spectra from the 

surfaces resulted from heating a perfect (to within experimental sensitivity) InP (100) - 
(2A) surface at temperature 470'C and 490T, and present a detailed analysis of the 

changes induced in surface band structure. 

[0 11] 
(Dý=-O 

J(Ixl) 

Fig. 4.9 Schematic drawing of the (I x 1) irreducible SBZ 

with the (2A) SBZ superimposed (irreducible part in bold) 

[26] 
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[0 11] 

*- [0 11] 

Fig. 4.10 the ideal (I x 1) surface illustrating the [0 11] and [0 11] 

directions [26] 

The schematic of the experimental geometry is illustrated in Fig. 2.12, Chapter 2. 

All the angles are measured relative to the surface normal. The sample was aligned to the 

plane defined by incident photon beam hu and the photon polarization vector'ý. The 

surface normal and the photoemission direction k were maintained in the same plane. The 

dispersions were measured along the various symmetry axes by rotating the sample to 

change the photoemission angle Oe and by adjusting the sample azimuth ý,. Binding 

energies for valence band spectra were referenced to the Fermi level of a Ta plate at the 

base of, and in electrical contact with, the sample holder. Annealing of samples was 

performed by thermal heating from the backside. Fig. 4.9 is the schematic drawing of the 

(I x I) irreducible SBZ with the (2x4) SBZ superimposed (irreducible part in bold), and 

Fig. 4.10 the ideal (I x 1) surface illustrating the [0 11 ] and [0 11 ] directions. Note that our 

definition of J and JI is consistent with that of Ivanov, Mazur and Pollmann [27]. 

Fig. 4.11 shows row valence band photoemission spectra of clean surface InP 

(100)-(2x4) collected at photon energy of 24 eV in three azimuth of the sample. Fig. 4.12 
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shows surface band structure derived from experimental peak positions along the F-J 

and IF -J' symmetry, i. e. diagram showing binding energy vs. momentum component. 
In unit of A-' this component is given by 

kll= 
V -2m -Ekin 

sin0, =0.512, \[Ekin sinüe 
h 

where Oe is the direction of the emitted photoelectron relative to the surface normal [28]. 
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Fig. 4.11 Valence band photoemission spectra of clean surface 

InP (100)-(2x4) collected at photon energy of 24 eV in three 

azimuth of the sample: (a) (D = 45', (b) (D = -45", (c) (D= 0* 
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Fig. 4.12 Surface band structure derived from experimental peak 

positions on valence band spectra of clean surface InP(100)-(2x4) 

along the IF -J and IF -J' symmetry 

In ref ([26]) three surface states, located at binding energy EBý 1.0 eV, 1.8 eV 

and 4.3 eV, have been reported. In Fig. 4.12, we got the results at binding energy EB : -- 

1.14 eVý 1.81 eV, 2.84 eV and 4.79 eV respectively. 
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Fig. 4.13 Valence band photoemission spectra of InP (100) 

surface after annealed at 4700C, collected at photon energy of 24 

eV in three azimuth of the sample: (a) (D = 45", (b) (D = -45', (c) 

(D= 00 
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Fig. 4.14 Surface band structure derived from experimental peak 

positions on the valence band spectra along the F-J and I-F -J 
symmetry, sample was annealed at 4700C. 

Fig. 4.13 shows valence band photoemission spectra of InP (100) surface after 
heated at 4700C, collected at photon energy of 24 eV in three azimuth of the sample. Fig. 

4.14 shows surface band structure derived from experimental peak positions along the F- 

J and F-J' symmetry. Comparing Fig. 4.13 to Fig. 4.11, ý, = 45', 0, = 25' and 3 0' one 

can see the states at binding energy 1.81 eV very clear, which does not exist in Fig. 4.11 

, 
ýs= 45'; in ý, = 45', Oe= 30', the peak at 5.03 eV shifted to 3.97 eV. In Fig. 4.13 the 

Fermi edge is clearly visible. 
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Fig. 4.15 Valence band photoemission spectra of InP (100) 

surface after annealed at 490T, collected at photon energy of 24 

eV in three azimuth of the sample: (a) (D = 45% (b) (D = -45, (c) 

(D= 0 *. 
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Fig. 4.16 Surface band structure derived from experimental peak 

positions on the valence band spectra along the IF -J and F- 

J 'symmetry, sample was annealed at 490T. 

Fig. 4.15 shows valence band photoemission spectra of InP (100) surface after 

heated at 490'C,, collected at photon energy of 24 eV in three azimuth of the sample. Fig. 

4.16 shows Surface band structure derived from experimental peak positions along the 

F-j and F-i' symmetry. Also the Fermi edge is clearly visible. 
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4.6 AFM images of indium clusters 

4 

3 

0 100 200 300 400 500 

Position (nm) 

Fig. 4.17 AFM image from the sample evenly heated at 440 T, 

scan area IxI gm, scan speed 4 gm per second. The profile was 

taken along the white line. 

After the PES experiments in UHV we took the sample out and checked in air 

with AFM described in Chapter 2. The AFM images for both evenly heated and 

temperature-gradient-heated samples are shown in Fig. 4.17 and Fig. 4.18. The both 
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images were obtained for the same scan area, IxI gm, and the profiles obtained along the 

line cross part of the image. By comparing the both images, one can see well developed 

rectangular islands and many larger circular islands in Fig. 4.18 than in Fig, 4,17. This 

might give the information on indium cluster development level: the scan area in Fig. 

4.18 was at higher annealing temperature. 

Ä. 

4 

3 

0 100 200 300 400 

Position (nm) 

Fig. 4.18 AFM image from the temperature-gradient-heated 

sample, scan area IxI pm, scan speed 4 pm per second, scan at 

90' direction, indicated the features are real, The profile was taken 

along the white line, 
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4.7 Summary 

In conclusion, the annealing of clean InP (100)-(2 x 4) surfaces, free from excess 
indium, was investigated by PES, ARPES and AFM- 

Above the thermal desorption temperature of phosphorous (360'C) [11,29] a 

metallic indium component gradually appears in the In4d line. As-prepared InP (100)-(2 x 

4) surfaces are free of metallic indium and the 4d core level shows only two clear surface 

components. A third component, indium cluster-related, due to phosphorous desorption 

appears after annealing and is accompanied by a corresponding reduction in intensity in 

the In-P surface component. By careful inspection of the features of the In4d and valence 
band spectra, it is found that a visible Fermi edge appears when the temperature 

approaches 440'C. The cluster component of the In4d line shifts by 0.2 eV in binding 

energy when the annealing temperature is raised from 420'C to 470T. This shift in the 

binding energy of the cluster-related core level component is interpreted in terms of 
improved core hole screening with increasing cluster size. 
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Chapter 5 Luminescent Alkylated Si Quantum Dots 

A lkyl-modified silicon nanocrystallites are efficient fluorophores which 

are of interestforfundamental spectroscopic studies and as luminescent 

probes in biology because of their stability in aqueous media. In this 

work we have investigated these particles using scanning tunnelling 

microscopy (STM), synchrotron radiation excited photoemission 

spectroscopy (SRPES) and X-ray excited optical luminescence (XEOL). 

During the course of illumination with 145 eV photons we have 

monitored the evolution of the Si 2p core level, and observed in real 

time a splitting and growth of a new Si 2p component assigned to the 

Sj4+ oxidation state of Si. 7-his new peak is attributed to in situ oxidation 

of Si nanocrystallites caused by photo-induced reaction, possibly with 

multilayers of water present on the surface of the quantum dots. AEOL 

reveals that three emission bands are active upon soft X-ray photon 

excitation. An interesting reversible ageing phenomenon of 

photoluminescence is observed upon exposure to the X-rays which is 

possibly due to prolonged trapping of charge in the alkyl chains 

attached to the SilSiO, core. 

5.1 Some aspects of silicon quantum dots synthesis and STM image 
.................... 
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The current microelectronic technology should reach feature sizes on chip of 

about 20-30 nm by the year 2016. Below this limit the transport, electronic, and optical 

properties of bulk silicon start to be influenced significantly by quantum confinement 

effects. Therefore, it is desirable to develop techniques of fabrication of silicon NCs (Si- 

NCs) and study their physical properties. The second reason for intensive investigation of 

Si nanostructures is their potential application in light-emitting devices integrated on a 

chip. Compared to the weak IR luminescence of bulk silicon (observed only at low 

temperatures), the efficiency of photoluminescence (PL) from Si nanostructures is 

increased enormously. 

Sample preparation can be found in section 2.4.2, Soft X-ray photoemission 

spectra were acquired at beamline 1-511 of MAXLab, Lund, Sweden and both 

photoemission and XEOL spectra were measured at beamline 4.1 of the synchrotron 

radiation source (SRS), Daresbury LJK. The XEOL measurement details can be found in 

section 2.7. All the binding energy calibration can be found in section 2.3.2. It should be 

noted that all the films measured display some degree of charging, ultimately reaching an 

equilibrium state, as discussed below. Consequently, the "binding energies" quoted do not 

reflect the true binding energies of the core level photoelectrons, but incorporates the 

energy required for the electrons to escape the surface charge distribution. However, the 
degree of charging is small and does not prevent identification of the elemental 

composition and chemical state of the silicon nanocrystallites, which are considered later. 

5.1 Some aspects of silicon quantum dots synthesis and STM image 

To obtain silicon quantum dots first step [11 is electrochemical etching silicon 
chip to get porous silicon layer. Porous Si (designated 7c-Si as the similar pronunciation) 

was discovered in 1956 [2]. The visible luminescence of porous Si was observed more 

recently by L. T. Canham [3]. The porous layer is created by electrochemical dissolution 

(anodization or etching) in FIF-based electrolytes. Fig. 2.13 and Fig. 2.14 show the 

schematic of porous silicon fabrication cell and the specific processes involved in anodic 

etching at and close to the pore. It is based on the fact that holes are necessary for the 
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electrochemical dissolution process of Si. Holes (h') arriving at the SI. HF solution 
interface etch the Si lattice 

Si + 4HF2-+ 2h+ --> SiF6 2-+2HF + H2 (5.1) 

Etching creates a rough surface. Since bandgap in 7r-Si increases compared with 

bulk c-Si due to the quantum confinement effect [4], holes need the additional energy Eq 

to penetrate into the porous layer. If Eq is larger than the bias, porous layer becomes 

depleted of holes and further dissolution is stopped. Since Eq is a function of the size of 

the nanocrystals, one can conclude that an increase in the formation bias will result in an 

increase in bandgap energy and a decrease in crystallite size in the porous layer. This 

process is self adjusting. Quantum confinement effect limits the size of the nanocrystals 

[5]. Fig. 5.1 schematically illustrates n-Si fabrication, the chemical process in anodic 

etching near the pore tip and the band diagram for silicon-electrolyte transition at the pore 

tip and between the bulk andn- S i. 

PS 
------ si 

HF 

14 

Fig. 5.1 Schematic of7c-Si fabrication, the chemical process in 

anodic etching near the pore tip and the band diagram for silicon- 

electrolyte transition at the pore tip and between the bulk and 7r-Si 

[4] 
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Different etching current densities were used to investigate the current effect to 

the quality of quantum dots [6]. Fig. 5.2 shows the silicon chips surface aspect after 

electrochemical etching at different current densities. To obtain high quality luminescent 

silicon quantum dots, higher current density is needed. 
After cleaving the porous silicon layer from the substrate wafer by the high 

current density "electro-polishing" step, a fluorescing powder was formed. The colour of 

the fluorescence under illumination from a handheld mercury lamp was dependent on the 

current density used to prepare the porous silicon and varied from red to orange as the 

current density was increased; this effect is well-known in studies of porous silicon film 

[7-9]. The powder, which was loosely bound in small clumps of ca. 0.1-1 mm diameter, 

showed the same red fluorescence in EtOH + BF etch solution as in dry toluene or after 
drying on a filter paper. Refluxing the powder in pure dry toluene overnight had no effect, 
but if an alkene (I -octene, I -undecene, I -undecene- II -ODMT, or 1,9-decadiene) was 

added to the reflux, most of the clumps of silicon powder appeared to dissolve to form a 
luminescent solution. After this reflux procedure, the liquid was observed to be a pale 

yellow and the depth of colour increased with the amount of powder dissolved. A 

comparison between three I-alkenes (hexene, octane and undecene) revealed that the 

solution forms easily with undecene, incompletely with octene and hardly at all with 
hexene. 1n the case of octene, significant amounts of powdered porous silicon were 

undissolved, but this could be filtered out and the sol remaining was transparent as in the 

case of undecene. The different behaviour of these three alkenes reflects their relative 

volatility which is an important factor given that the preparation involves reaction in 

boiling toluene solutions. Since the best results were obtained with 1-undecene, we have 

concentrated on sols prepared from 1-undecene for most of the characterisations reported 

below although similar luminescence behaviour was observed in the case of I-octene. 
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Fig. 5.2 the silicon chip surface aspects after electrochemical 

etching at different current densities, higher current density 

needed for preparing luminescent silicon quantum dots 

Fig. 5.3 shows the schematic structure of the prepared silicon quantum dots, The 

estimated size of Q-dot is 1.3-1.7 nm [6]. High resolution transmission electron 

microscopy (HRTEM) studies of the resulting material indicate that the nanocrystallites 

are certainly smaller than 6 nm - difficulties in dispersion of the particles, probably due 

to their very small size, make a more accurate diameter determination difficult [101, 

To obtain a more accurate measure of the diameter of the nanocrytallites, scanning 
tunnelling microscopy (STM) measurements of hydroxyl-terminated nanocrytallites 
dispersed on a hydrogen passivated Si (111) surface has been made [11]. Hydroxyl- 

terminated nanocrystallites were prepared using dimethoxytrityl-protected undecenol in 

the hydrosilation procedure for formation of the nanocrystallites, The hydroxyl groups 

were exposed by cleaving the trityl protecting group in 14F/EtOH from the porous silicon 

etch prior to cleaving the nanocrystallites from the porous silicon surface. The hydrogen 

passivated Si(I 11) surface was prepared by a deoxygenated NH4F etch in which <1 I 1> 

oriented silicon wafers (phosphorus-doped, n-type, 1-20 0 cm resistivity, < 0.1 degree 

miscut, Compart Technology, Peterborough, UK) were first cut into I CM2 square pieces 

and then degreased with trichloroethylene followed by acetone. An oxide layer was 
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formed by immersing the samples in freshly prepared 'piranha' solution (1: 4 v/v conc. 

H2SO4 and 3 0% H202) for I h. at 80"C. The oxide was removed and a hydrogen- 

terminated surface was formed by etching in N2-sparged 40% w/v aqueous NH4F for 20 

min with the sample held in a vertical orientation. Wafers were then rinsed in deionized 

water (Millipore, nominal 18 MIQ cm) and blown dry with N2, The hydrogen passivated 
Si (I 11) surface reacts with the hydroxyl groups of the hydroxyl terminated Si-NCs under 

conditions of refluxing toluene to form Si-O-C linkages [12] suitable for anchoring the 

nanocrytallites for microscopy investigations. 

'H2R 

siox 

Fig. 5.3 Prepared silicon quantum dots structure: silicon core 

with thin layer of SiO, and hydrocarbon chain around 

Figure 5.4 (a) show an STM image of silicon nanocrystallites dispersed on the 

passivated Si (I 11) surfaces. The tunnelling current was 66 pA with a bias voltage of L5 

V, and the samples were imaged under ambient conditions. The STM images show 

evidence for clustering of the nanocrystallites, reflected in differing lateral extent of the 

raised topographic features. However, the height of these features is ca. 4-5 nm (see 

figure 5.4 (b)) which is in rough agreement with previous estimates of the Si core from 

Raman spectroscopy (2.5 nm, [ 13 ]) plus the thickness of the C 11 alkyl chains. 
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Fig. 5.4 (a) IxI gm STM image of silicon nanocrytals 

dispersed on hydrogen passivated Si(Ill). The sample was 

prepared by refluxing -OH terminated Si-NCs with hydrogen- 

terminated Si (I 11). The tunnelling current was 66 pA and the 

bias voltage was 1.5 V. The sample was imaged in air. (b) Line 

profile across the diagonal of the STM image in (a) [11]. 
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Evaporation to dryness produced a yellow powder which could subsequently be 

re-dispersed by stirring in organic solvents such as toluene, dichloromethane and 
trichloromethane to produce similarly stable, non-turbid, fluorescent dispersions (Fig. 
5,5). 

Fig. 5.5 The Alkylated silicon colloid dispersed in toluene, 
fluorescing under a UV lamp (X = 365 nm). The purple glare is 
due to the effect of reflected light from the wall of the flask on the 
digital camera used [6]. 

Fig. 5,6 shows the emission spectra of the trichloromethane dispersion under 
excitation with light of wavelengths from 280 to 370 nm. The emission maximum was 
found at 670 nm and did not change upon altering the excitation wavelength. On fixing 

the detection wavelength at 670 nm and scanning the excitation wavelength, an excitation 

spectrum corresponding closely to the absorption spectrum was obtained after correction 
for the inner filter effect, See Fig. 5.7. 

137 



Y. Chao: Electronic and Optical properties of Nanostructured Materials 

4.0 

3.0 

2.0 

1.0 

280 mn 
330 mn 
350 nm 
370 mn 

al 

(). 3 L-- 

OD 400 SW 6w 700 800 
Wavelength / nm 

900 

Fig. 5.6 Fluorescence emission spectra of the silicon colloidal 
dispersed in trichloromethane (uncorrected). The corresponding 

excitation wavelengths are marked in nm [6]. 
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Fig. 5.7 Excitation spectrum of the silicon colloid 

corresponding to the emission at 670 nm in Fig. 5.6 [6]. 
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5.2 Core level spectra: line shape and shift 

Two types of samples were studied, differing in their history: the first one was 

rapidly inserted into the ultra high vacuum (UIIV) chamber whereas the second type of 

samples kept in air for several hours before introduction into the vacuum, we refer to 

these as the "fast" and "slow" samples respectively. 

Fig. 5.8 shows the development of Si 2p spectra obtained in normal emission, with 

hu=145 eV photons, for a sample that had been exposed to the air for several hours 

('slow' sample). The spectra are normalized to photon flux. Initially a single peak 

(denoted as A) is observed at a nominal binding energy of 103.5 ± 0.1 eV. However, upon 
irradiation this peak decreases in intensity and shifts to higher binding energy. The 

change in position and intensity of the peak at 103.5 eV is accompanied by the growth of 

a 'tail' at higher binding energy which also grows in relative intensity and moves 

progressively to higher binding energy. Eventually the tail develops into a clear peak 

(denoted as B) at a final binding energy of approximately 106.8 ± 0.1 eV. The data were 
fitted to mixed (Gaussian-Lorentzian) doublets with a Shirley background; the width and 

position were allowed to vary. 

Fig. 5.9 shows the development of the intensity of both peaks with irradiation, 

measured in terms of flux x time. The decay of the intensity of the peak initially located 

at 103.5 ± 0.1 eV binding energy (IpEs) may be fitted to an exponential function: 

IPES= 26600*exp (-x/44) +2200, where x--fluxotime (nAos). (5.2) 
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Fig. 5.8 With the exposure increased to 400nAos, the evolution of 

normalized Si 2p spectra, obtained in normal emission with hu=145 

eV photons from a Si nanocrystallites film exposed to air for several 

hours ("slow sample"). The whole set of spectra showed in (a), while 

part of spectra showed in stack panel (b), slow sample [I I] 
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The incident photon flux was measured with a gold grid held immediately before the 

main experimental chamber, and although the scale is internally consistent, we cannot 

convert the exposure simply into the number of photons per square meter because we do 

not exactly know the solid angle and distance between the mesh and the sample, and thus 

the lifetime determined from the fitting is only a qualitative measure. As this initial peak 
decays the second peak is seen to continuously rise during the course of the irradiation. 

m Peak A 
Peak B 
exponential decay fitting I 

. 

"u. 

000000 
00 0 n. -n*"3"R.. a.. a. a. -a-a.. U. UM 

00 

0 100 200 300 

Flux*Tlme (nA*s) 

Fig. 5.9 Plot of the intensity evolution of low (Peak A) and high 

(Peak B) binding energy Si 2p peaks as a function of photon 

irradiation. The decay in intensity of peak A is fitted with an 

exponential decay (dotted line), slow sample [I I] 

Fig. 5.10 shows the development of the binding energy of two peaks during the 

exposure to the synchrotron radiation. The peak initially observed in the spectra moves 
from its initial position of 103.5 ± 0.1 eV to saturating at a binding energy of 104.0 ± 0.1 

eV, while the second peak position also shifts, from 106.2 ± 0.2 eV to a saturation 
binding energy of 106.8 ± 0.1 eV. 
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Fig. 5.10 The evolution of the binding energies of the two Si 2p 

peaks as a function of photon exposure ('slow' sample) [11]. 

Two possible mechanisms can be responsible for this behaviour; the first is that an 
irreversible chemical reaction occurs during irradiation. The alternative is that these 

changes are due to charging, which occurs because the Si-NCs are surrounded with alkyl 

chains and thus are highly insulating. This second process is ultimately reversible. In 

addition the thickness of film is inhomogeneous, so different parts of the surface can 

charge with different rates. In order to check reversibility of the observed changes in the 

photoemission spectra we have waited for 7 hours after irradiating the sample and in 

Figure 5.11, spectrum b), we see that the intensity of both peaks A and B has partially 

recovered, but with relative better recovery for peak A (compare intensity of A over B in 

spectrum a) and spectrum b)). However, the peak B has a similar position as after initial 

irradiation, which suggests that it arises from a chemical reaction which occurs during the 
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procedure of exposure to synchrotron radiation. We conclude that the decay of the 
intensity of the first peak with irradiation time and the observed shift in binding energies 

of the peaks indicates that charging of the Si-NCs is a second process that develops in 

tandem with a photo-induced reaction as irradiation proceeds. 
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Fig. 5.11 (a) Si 2p spectra, obtained at normal emission with 

145 eV photons from a Si-nanocrystallite film exposed to air for 

several hours ('slow' sample) and exposed to -2 hours of 

irradiation. (b) The same as above but after irradiation, the beam was 

stopped and the waiting time without irradiation was 7 hours. 

Figure 5.12 shows the development of normalized Si 2p spectra obtained under 

identical conditions for a sample which was introduced rapidly (the 'fast) sample). A 

single peak is observed over the whole dose range studied initially located at a binding 

energy of 102.6 ± 0.1 eV to the peak moves upwards in binding energy to 103.1 ± 0.1 eV 

after irradiation. The initial peak position and the magnitude of the shift of this peak are 
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slightly different from that of the 'slow' sample. However, slightly different binding 

energy values are expected since the thickness of the film may vary in each deposition 

from the solution of quantum dots affecting the degree of charging within the film. It is 

notable that even after several hours of photo-irradiation no new peak is observed, 

contrary to the behaviour of the 'slow' sample. The variation of the intensity of the Si 2p 

peak with photon exposure is plotted in Figure 5.13. 
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Fig. 5.12 The evolution of normalized Si 2p spectra obtained at 

normal emission with hu =145 eV photons from a Si- 

nanocrystallites film rapidly introduced into vacuum chamber 

("fast sample") [I I] 
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Fig. 5.13 The intensity of the Si 2p peak as a function of 

irradiation, the dotted line is an exponential decay fitted to the 

data, "fast sample" [I I] 

As previously we see that the intensity falls exponentially, and here it can be 

modelled by the relationship: 

IPEL= 6500 exp (-x/280) + 2500, where x=fluxotime (nAos). (5.3) 

In Fig. 5.14 the variation in the peak width (full width at half maximum) is plotted 

as a function of exposure. The width of the peak increases with irradiation and follows a 

logarithmic function: 

FWHM=ln I(x+200) /12)/3, where x=fluxotime (nAos). (5.4) 

The evolution of Si 2p peak position as a function of irradiation is plotted in Fig. 

5.15. 
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Figure 5.16 shows Si 2p spectra obtained after exposure to -2 hours of 

continuous irradiation (a) and its recovery after waited II hours without beam irradiation. 

We see that the peak intensity has recovered and the width of the peak has decreased. 

Again this indicates that the charging is the main mechanism responsible for the observed 

changes. 

.- 

4 A 110 108 106 104 102 100 

Binding Energy (eV) 

Fig. 5.16 (a) Si 2p spectrum obtained at normal emission with 

145 eV photons from a Si-nanocrystallite film ('fast' sample) and 

exposed to -2 hours of irradiation. (b) The same as above but 

after irradiation, the beam was stopped and the waiting time 

without irradiation was II hours [I I]. 

In Fig. 5.17 we plot the Si 2p region of a 'fast' sample (in the spectra shown the 

nanocrystallite film was deposited on a HOPG substrate) at room temperature, spectrum 

(A), and after heating to - 275 'C for 5 minutes, spectrum (B). Valence band spectra (not 

shown here) demonstrate emission from the substrate after annealing, leading to the 

conclusion that upon annealing at temperatures of - 275 T the Si-NCs begin to desorb 
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from graphite. In particular, the desorption leads to a thinning of the Si-NC film and a 
reduction in charging due to the proximity of the graphite surface to the remaining Si-NC 

material (i. e., screening and neutralisation by the substrate is more effective in the thinner 
film). This is reflected in a shift of the Si 2p peak to lower binding energy, from 102.9 ± 
0.1 eV in the as-introduced film to 10 1.8 ± 0.1 eV after annealing. The energy position of 
101.8 eV is still far from the known position for Si-Si bond, 99.5 eV [14], which indicates 

that even in a thin film there is still considerable charge trapping in the film as soon as 
irradiation starts, as we discuss below. The continued presence of charge trapping arises 
from the passivation of the Si-NCs by the long alkyl chains and may be further 

contributed to by the likelihood that the nanocrystallites are still in the form of 

agglomerated clusters rather than dispersed as individual particles. 
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Fig. 5.17 Si 2p spectrum obtained at normal emission with 

145 eV photons at room temperature. Showing a 'fast' sample as 
introduced (peak (A)) and after annealing to 275T for 5 minutes 
(peak B). 

In Fig. 5.18 a survey spectrum obtained at a photon energy of 633 eV is plotted, Si 

2p, 0 Is and C Is core lines are clearly visible, supporting previous infrared (IR) studies, 

which indicate the presence of both Si-C (anchoring the alkyl chains to the dot) and Si-O 
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bonds from oxidation of unalkylated Si-H [6]. Taken together, the data indicate that the 

silicon nanocrystallites are encapsulated with a combination of surface (sub-) oxides and 

alkyl chains. 
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Fig. 5.18 X-ray overview of fast sample measured at normal 

emission with hu= 633 eV photons after annealing to - 2751C for 

5 minutes [I I]. 

We interpret the initial change in Si 2p binding energies, their final saturation, and 

the dependence of the binding energy on film thickness as a signature of charging within 
the film. In consequence, as mentioned earlier, the 'binding energies' quoted do not 

reflect the real binding energy of the core level in question, but include the energy barrier 

due to local charge-induced fields that the photoelectron must overcome in order to 

escape from the surface of the nanocrystallite film. In the 'slow' sample two Si 2p 

components can be observed which, at the highest photon doses, are separated by 3.5 eV. 
Survey spectra indicate that only Si, C, and 0 are present in the films (there may also be 

some hydrogen, which it is not possible to detect directly by photoemission). We attribute 

the low binding energy Si 2p core line at 103.5 eV in the thick film (or 101.8 eV in the 

thin film) to a multicomponent peak consisting of 'bulk' Si, and/or one or both of Si-C 

and S11' - in which one Si-Si bond has been replaced by an Si-O bond [15] (the reported 
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value for the Si 2p binding energy in SiC is at 100.4 eV [16]). As mentioned, the presence 

of a Si-C component in the Si 2p line would be consistent with recent IR studies of the 

silicon nanocrystallites, which reveal formation of SiC bond [6], so the presence of such a 

component in the low binding energy peak cannot be ruled out). The multicomponent 

nature of the low binding energy peak prevents a clear observation of the spin-orbit 

splitting which would be expected from the Si 2p core level. 

The second peak, observed in this work at 106.8 eV is attributed to the photon- 

induced formation of a second oxide such as SiO, where x -2, because both the energy 

separation between first and second peak is similar to that reported for oxidation of 

Si(100) and Si (I 11) single crystal - 3.5 eV in this work compared to 3.2 eV in Ref [14, 

17]. Two strong components has been also observed, similarly to our experiment, when 

nanocrystalline silicon was embedded into a silicon-oxide thin film, Si 2p core level 

spectra for the as deposited sample and a sample after annealing at 900 OC have shown a 

subatantial increase of Si+4 component, which has been interpreted the further oxidation 

of silicon and the transformation from suboxide states to Si+4 state [18]. Recently a 

vacuum ultraviolet (V_UV) surface photochemistry of water adsorbed on graphite [16] and 
C02 ice [19] have shown that only H+(D+) and H30+(D30+) ion fragments can readily 

desorbe into vacuum, leaving OH species trapped at the surface and thus available for 

silicon oxidation, which may be the mechanism by which oxidation occurs in this work. 

The absence of the second, oxide, peak in 'fast' sample, comparing Fig. 5.8 and 

Fig. 5.12, can be explained by the time required for diff-usion of water (and/or oxygen) 

into the samples from the ambient atmosphere. It must be borne in mind that the as- 

prepared samples contain significant quantities of the original solvent which must diff-use 

out or undergo exchange with water during atmospheric exposure in order for there to be 

sufficient concentration within the film to enable photo-induced oxidation to occur. 
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5.3 NEXAFS of Alkylated silicon quantum dots 

To investigate the mechanism of photolurninescence of silicon quantum dots, we 
acquired near edge X-ray absorption fine structure (NEXAFS) spectra to get the 

absorption peak photon energy. Fig. 5.19 shows the partial electron yield (PEY) NEXAFS 

spectrum of the Alkylated silicon quantum dots, which is peaked at -106.5 eV. The data 

on NEXAFS were used later by Krishnamurthy to measure PL on new PL station MoLES 

at beamline 6.1, Daresbury. Data obtained by Krishnamurthy [20] revealed the origin of 

the orange light is from the Si-Si bond; see Fig. 5.20 and Fig. 5.21. Initially we used this 

photon energy to obtain the photon luminescence spectrum, showed in Fig. 5.20. There 

are three light bands in the spectrum: blue, green and orange. 

0 Poo 

(m , %wool 
PC 

CIO 
;.. o 

-qý 

Si L 

3,2-edge 
NEXAFS (Lu,,, ) 
Normal incident 

98 100 102 104 106 108 110 112 114 116 118 

Phton Energy (eV) 

Fig. 5.19 Si L3,2 -edge X-ray absorption fine structure 

(NEXAFS) spectrum of alkylated Si quantum dots [I I]. 
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5.4 Photoluminescence Spectra 

Fig. 5.20 shows the room temperature photoluminescence spectrum of the 'fast' 

sample excited by synchrotron radiation at hu=106.5eV, which is the peak photon energy 
in the near edge X-ray absorption fine structure (NEXAFS) of this Si-QD (See Fig. 5.19). 

The spectrum exhibits three bands of luminescence: blue 390 ± 20 nm, green 480 ± 20nm 

and red-orange 750 ± 10nm, respectively. 
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Fig. 5.20 Room temperature photoluminescence (PL) spectrum 

excited by synchrotron radiation at hu=106.5 eV, three peaks are 

clearly displayed: 390 ± 20 nm, 480 ± 20nm and 750 ± 10nm [11] 

Fig. 5.21 shows the narrow region (blue peak) room temperature PL spectra taken 

during the procedure of exposure to synchrotron radiation at hu=106.5eV. From bottom 

to top panel, each spectrum obtained in one scan and one by one, about 5 min each. Fig. 

5.22 shows the decay of room temperature PL intensity of blue peak at 390 nrn as 
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exposed to synchrotron radiation at hu=106.5eV. The intensity (IPL) decay curve was 
fitted by exponential decay function: 

I PL= 0.72o exp (-x/1900), where x--fluxotime (nAos). (5.5) 

hu= 106.5 eV, RT 

10 

04 00 

250 300 350 400 450 500 550 

Emitted Wavelength (nm) 

Fig. 5.21 Room temperature PL spectra taken during the step of 

exposure to synchrotron radiation at hu=106.5eV, from bottom to 

top, exposure increased from 939 to 4593 nA*s [III 
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Fig. 5.22 Decay in PL intensity of the blue peak at 390nm, 

measured at room temperature as a function of exposure to 

synchrotron radiation and its fitting by IpL = 0.72 exp(-x/1900), 
(where x=flux-time (nA-s) [11]. 

It's a pure exponential decay function rather than a stretched exponential function 

suggested by Kanemitsu [21]. The similar behaviour observed in both type samples. This 

behaviour indicates that the decay of PL intensity might be related to the decay of 
intensity of the low binding energy peak in the Si 2p photoemission spectra since both 

vary exponentially. Such an agreement suggests that the decay of PL intensity is likely 

related to charge trapping phenomena rather than being brought about by the oxidation 

reaction. The fact that we did not observe any oxidation on the 'fast' sample is a sufficient 

proof of this, but in addition, the oxidation reaction exhibits a non-exponential growth: 

see peak B in Fig. 5.8 and Fig. 5.9, for the 'slow' sample. 

It is interesting to note that the same sample exhibits orange luminescence at 670 

nm when it's excited with 280 nm excitation energy of the laser. See Fig. 5.6 and Fig. 5.7. 

One possibility is that at higher excitation energies the energy of excitation resonates with 

direct transition within Si crystal while with lower excitation energies, mostly passivation 
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layer and defect sites of the surface of the silicon nanocrystals are responsible for the 

photoluminescence. This mechanism has been suggested by Wolkin [22] and Ding [23], 
but the decay of the orange light is much faster than that of the blue light. The detection 

time in this work is rather slow, it takes 10 minutes to acquire one scan, this means that 
by the time the monochromator detects the orange light, the big proportion has already 
been quenched. Probably the main reason for this quenching is attributed to the presence 

of the local defect states which they fall into band gap and which are very quickly 

populated by low energy secondary electrons generated by a VUV irradiation. 

The recent results [20] obtained at Beamline 6.1 shows clear two 

photoluminescence bands, orange and blue, showed in Fig. 5.23. Further study indicated 

that the orange light is from Si-Si bond, and blue light from Si-C bond. As we mentioned 
the alkylated silicon quantum dots surrounded by carbon chain, see Fig. 5.3. 
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Fig. 5.23 Photoluminescence spectrum acquired at beamline 6.1, 

Daresbury. There are two clear luminescent bands with excitation 

energy hi)= 15 0 eV at room temperature [20]. 
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5.5 Summary 

Recently, it has been shown that an alkyl-modified silicon core is an efficient 
fluorophore which is stable in aqueous/biological media, non-toxic, and emits photons 
(wavelength 600-700 nm with 513 nm excitation; two bands X-ray excited optical 
luminescence (XEOL) with soft X-ray) which do not interact strongly with most 
biological molecules [6]. Thus, it might be potentially important as nanoscale sensors 
inside living cells. 

Scanning tunnelling microscopy (STM), synchrotron radiation excited 

photoemission (SRPES) and X-ray excited optical luminescences (XEOL) have been 

performed. During the course of illumination with 145 eV photons we have monitored the 

evolution of the Si 2p core level, and observed in real time a splitting and growth of a new 

Si 2p component assigned to the Si4+ oxidation state of Si. This new peak is attributed to 

in situ oxidation of Si quantum dots caused by photo-induced reaction, possibly with 

multilayer of water present on the surface of the as-introduced quantum dots. XEOL 

reveals that three emission bands are active upon soft X-ray photon excitation. 

Surprisingly the 390 nm band (blue light) is the most intense, which is quite different to 

the result for UV photo-excitation, where the 600-700 nm band is the most prominent one 

(orange light). The orange light originated from Si-Si bond, blue light from Si-C bond. An 

interesting ageing phenomenon of photoluminescence is observed upon exposure to the 

X-ray which is possibly due to prolonged trapping of charge in the alkyl chains attached 

to the Si/SiOx core. 
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Chapter 6 Future Work 

In this chapter the future work is proposed: intensive investigation on 

unique optical property related electronic structure of Si-QDs; 

evolution of indium clusters electronic structure during the annealing 

steps; investigation of reconstruction of InP (100) (2x 4) whenC60on 

the surface . 
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Chapter 6 Future Work. doc 

The future work could be divided into three parts. Firstly, intensive investigation 

on unique optical property related electronic structure of Si-QDs, which is still focus on 
the sample preparation and the fundamental properties of the Si-QDs. Total fluorescence 

yield (TFY), is proposed for the NEXAFS measurement of living cell. Secondly, 

evolution of indium clusters electronic structure during the annealing steps, i. e. the 

relationship between bandgap and clusters size. Thirdly, the investigation of 

reconstruction of InP (100) (2 x 4) withC60on the surface. 

6.1 Intensive investigation on unique optical property related 

electronic structure of Si-QDs 

Although the Stokes shift exists, the photoluminescence wave length is related to 

the bandgap of Si-QDs, thus it's very meaningful to probe this parameter. To get the 

proper data, one should measure the distance between the bottom of conduction band and 

top of the valence band. Unfortunately both these positions are changing due to quantum 

confinement. One would expect valence band recedes and conduction band edge rises. 
Thus, the separation between the top of the valence band and the Si2p level is smaller 

than in bulk Si. One can get AEvb by measure this separation difference5 AEcbby the shift 
in NEXAFS Si-L edge [ 1,2]. Then the bandgap of the Si-QDs, as shown in Fig. 1.15, is 

given by 

Egap 
-,,: AEvb+ AEcb +1.1 eV (6.1) 

Since total fluorescence yield (TFY) can reach considerably larger probe depths 

(on the order of 1000A) and is less sensitive to possible surface contamination as 
discussed in Chapter 1, it can be used to measure absorption in buried layers, especially in 

the case of Si-QDs sensor in the living cell. 

Furthermore, as it's mentioned in Chapter 5, the decay of photoluminescence 

intensity is quite different with the result of porous Si in literature [3]. The reason is our 
detector worked so extremely "SLOW' that it takes 10 minutes to acquire one scan. If 

time resolved photoluminescence in nanosecond, even in feratosencond or attosencond, is 
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available, it should be very nice to acquire the spectra and analyse the decay behaviour, 

and helpful to understand the mechanism of photoluminescence of Si-QDs. 

The PL mechanism in Si-QD has been intensively debated and several models 

proposed. Detailed studies are, however, hampered by the broad PL band resulting from 

inhomogeneous broadening, omnipresent in ensembles of QDs. Although certain 
improvement can be achieved by size selection methods [4], single-dot spectroscopy 
techniques would be needed to reveal the PL mechanism. These methods are widely 

applied to study individual QDs of III-V and 11-VI semiconductors [5] but have only 

scarcely been used to study light emission from silicon QDs [6,7]. Two main difficulties 

are the low emission rate from the Si-QDs (long radiation lifetime resulting from the 

indirect transition) and the complicated preparation of diluted and well-defined systems of 
Si-QDs [8]. It also could be an exciting challenge. 

6.2 Evolution of Indium clusters electronic structure as a function of 

annealing temperature-at different cluster size 

In Chapter 4 the evolution of indium clusters core level as a function of annealing 

temperature has been investigated. It is also possible to investigate the evolution of 
bandgap which is the distance between the bottom of conduction band and the top of 

valence band. As we already know the indium clusters appear on the InP (100) surface 

after annealing to the desorption temperature of phosphorous, further annealing could 

enlarge the clusters size, until entirely metallic indium covers the surface. 

6.3 Reconstruction of InP (100) (2 x 4) withC60on the surface 

As mentioned in Chapter 3, the construction of InP (100) surface is a very 

important issue, and STM investigation is possible for the reconstruction procedure [9, 

10]. Since Omicron UHV Nanoprobe, an instrument unique to a European University, is 

available at the Institute for Nanoscience and Nanotechnology at the University of 
Newcastle, we could investigate the effect Of C60 on the reconstruction of InP (100) 

surface. 
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Appendix A: Fittings parameters of core level spectra 

All the fittings of core level spectra were fitted in Winspec program and plotted 

with Origin program. 

1. Fitting Parameters of Cls 

To get the detailed information of Cls core level spectra, such as peak position 

and FVIFM, I fitted Cls spectrum with one mixed singlet and Shirley background. 

Table 3.1 Fitting Parameters of Cls in different coverage 

Coverage (ML) Position (eV) Width (eV) 

0.65 284.32 1.457 

1.13 284.44 1.479 

2 284.50 1.497 

8 284.65 1.271 

Table 3.2 Fitting parameters of Cls after various annealing steps 

Temperature (K) Position (eV) Width (eV) 

600 284.32 1.363 

640 284.34 1.416 

690 284.40 1.674 

740 284.34 2.078 
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2. Fitting Parameters of P2p 

The P2p core level spectra were fitted with two mixed doublets and one Shirley 

background. One doublet is bulk-related; another one is surface-related. For bulk 

component the peak position was kept fixed at 128.194eV, branching intensity ratio 0.5, 

and spin-orbit splitting 0.86eV. For surface component the intensity ratio and splitting 

were also kept same as bulk component. But at different coverage, the different surface 

peak position applied. Table 3.3 gives the details. 

Table 3.3 P2p surface peak position at different coverage 

Coverage (M[L) 0 0.26 0.65 1 1.13 28 

Position (eV) 127.75 127.85 127.86 127.87 127.88 127.95 128.153 

3. Fitting Parameters of In4d 

The In4d core level spectra were fitted with three mixed doublets and one Shirley 

background. One doublet is bulk-related and other two are surface-related. 
The bulk component peak position was kept fixed at 17.50 ± 0.02 eV. The spin- 

orbit splitting was kept fixed at 0.86 eV and the branching ratio was 0.65. For the two 

surface components, the spin-orbit splitting and branching ratio were kept fixed same as 

those of bulk component. 
Aa 

After annealing to 640K, to get a quality fitting, I have to use four doublets and 

one Shirley background. The forth doublet is related to metallic indium which exhibits on 

the surface after phosphorus desorbed at high temperature. Detailed discussion about the 

metallic indium clusters behaviour can be found in Chapter 4. 
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Appendix B: List of papers 

During my Ph D experience, the foHowing eight papers have been emerged. 
The work in this thesis is based on the first four given below. 

1. A photoemission study of chernisorption Of C60 on InP (100) 

Y Chao, K. Svensson, D. Radosavkic, V. R. Dhanak, L ýiller and M. R. C. Hunt 
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2. Other works I have been deeply involved but I did not put them into this 

thesis: 

V. Photoemission. spectroscopy of clean and potassium intercalated carbon onions 
A Montalti, S. Krishnamurthy, Y. Chao Yu. V. Butenko, V. L. Kuznetsov, V. R. Dhanak, 

M. R. C. Hunt and L. ýiller 

Phys. Rev. B 67 11 3- 3401(2003 
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Michael R. C. Hunt, Massimo Montalti, Umin Chao, Satheesh Krishnamurthy, Vinod R. 

Dhanak, and Lidija ýiller 

Appl. Phys. Lett. 81,4847(2002) 

VII. Multi-wall and single-wall carbon nanotubes: Fenni liquid and Luttinger liquid 

Michael R. C. Hunt, Massimo Montalti, Emig Chao, Satheesh Krishnamurthy, Vinod R. 

Dhanak, and Lidija ýiller (Submitted to Phys. Rev. Lett. ) 

VIII. Gold nitride-novel material 

S. Krishnamurthy, Y. Chao, M. Montalti, M. G. Wardle, M. J. Shaw, P. R. Briddon, 
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Patent: 
National patent number: GB0313895.5, Title: method of producing gold nitride 
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