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Abstract

Femtosecond pulsed laser deposition-RED) has been investigated
extensively over several decades, yet none have considered interactions between the
intensely hot, high velocity plasma species ejected feotarget material with a
heated substrate For this reason, the interaction of a fesettond pulsed laser
generated plasma with a given substratanigestigated in this thesifor the

development novel functional materials.

The fabrication of Tri and EF* doped silicon thin films is presented with
room temperature photoluminescence peakd es si on wavel engths o
1.54 em, respectively. Characterisatior
a difficulty in engineering the material§his approach to materials fabrication does
however have potential to engineer multifunctiosairfaces for a variety of

applications.

A new approach to LD is therefore sought through the heatiniga
silicon substrate to 570 °C and ablating a rare earth doped tellurite glass target to
deposit upon it. This is found to result in the sequegtiewth of ZnTe, Te, ZnO
and rare earth doped crystallites in a modified surface.lapeisis explained based
upon thermochemical calculations and @tations in literature. The structural
characteristics of these materials are determined by scagleittgon microscopy as
well as transmission electron microscopy, while the crystallography is studied by

selected area electron diffraction andaay diffraction.

Fluorescenceharacterisation of these surface matefiaimnedupon silicon
reveal emissbn from ZnO, ZnTe, Tri-doped crystallites and Erdoped
crystallites. Fluorescence spectroscopy thfese materialshows characteristic

emissionin the visibleandneatinfrared.
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Chapter 1.

Introduction

There is a growing need for novel platforms for engineering multifunctional
integrated photonic deviceslhe significant interest in silicon photonics has led to
extensive investigations into its use in optoelectronics, which continues to diversify.
Current methods of fabrication are still heavily routed in conventional
semiconductor processing techniques and novel alternates are greatly sought after.
It is therefore essential to develop new ways of engineering silicon photonic

structures for current camercial and industrial interests.

1.1.Aims

The overall aim of this project is to explore the use of femtosecond pulsed
laser deposition(fs-PLD) for the fabrication of silicon based opticand
optoelectronicapplications. The rare earth ionswlium (Tnt"), erbium (EF) and
ytterbium (YB™") shall play key roles in assessing this potential, due to their
importance in the field.The first part of this study shall be directed toward the
deposition of rare earth doped silicon thin films upon silica. Theses fdhall be
characterised and processed for potential application in photovoltaiotagdated
optical devices The former shall be investigated through the inclusioritdt in an
absorber layer to enhance the efficiency of silicon based photovodtaiced. The
latter shallusefemtosecond laser micromaching for mde&s processing of the thin

films in order to form waveguide structures for integrated piiotapplications.

The second part of thtkesisshallinvestigatehe use of silicon as a sstbate
for high temperature deposition of rare earth doped tellbatedglass using fs
PLD. Specifically this shall consider the interact®ibetween the plasma phase and
the heated substrate materialan area of considerable neglect in literature
Moreover attemps shall be madeo observe the penetration of depositing material
into the substrateThis effect shall be probed by way of variations in the substrate
temperature, laser fluence and gas pressure as well asatsiépendence. This

secom part shall notnecessarilybe directly application driven, but a piece of
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fundamental research into the plassudbstrate interactions and how this may be

exploited for future endeavours.

1.2.0bjectives

1 To prepare silicon thin films, undoped and doped watte rearth ions by

femtosecond pulsed laser depositiorR{D);

1 To identify experimental parametemshich canachieve reduced porosity

and surface roughnessthese thin films

1 To process rare earth thin films using femtosecond laser micromachining for
the formation of surface channel waveguidesl study its applicability to
the field

1 To producepnjunctions of silicon thin films for use as photovoltaics, both

doped and undoped with rare earth iand electrically characterise them

1 To deposit telluritebased glass onto heated silicon substrates in a variety of

experimental conditions

1 Determine if any penetration has occurred in these samples and expand on

the theoretical basis for itccurrence

1 To determine links between the experimental conditions and the plasma

substrate interactioas well ashow these may be utilised for applicatipns

1 Characterise the optical properties of the rare earth dopants and any other

optically active phases detected

1.3.Thesis outline

Chapter 2provides a detailed review of the literature related to this thesis.
This includes the fundamental nature of thalitation mechanism, the growth of
thin films, comparisons between®i.D and various other techniques, discussions
on all materials desdryed in this thesis, including rare earth ions and their optical
properties. Chapter3 provides an overview of the various experimental techniques
used for fabrication and characterisation of the materials produced during this thesis.
A short descriptiorof their function is provided along with the procedure employed

for their use.
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Chapter4 details the fabrication of silicon thin films by femtosecond pulsed
laser deposition, including their doping with the rare earth iofisad Tni* with
optical chaacterisation provided. The fluorescence characteristics of these ions are

described as well as the structural features of the deposited films.

Chaptebdescri bes the shor¥-dopeltelarteigass ( O1
and its modification of the suida of a single crystalline silicon substrate. These
films demonstrate the formation of ZnTe and Te crystallites in the subsurface of the
Si substrate. Chaptérbuilds upon the conclusions of the previous chapter where 4
hour fabrication times are useddathe growth of extensive ZnO and Frioh silica
phases are observed. Chapter 6 then offers the first insight into the engineering the

ZnO crystallites by the alterations of the gas type used.

Chapter8 characterises the various optically active matsrof the surface
modified samples, including TH) Ef*, ZnTe and ZnO. The optical
characterisation of Titions is also used to infer the sitgmmetry within the host
crystal system. Chapter 8 then concludes the work of this thesis and suggests furth

work in this area.



Chapter 2.

Literature Review

2.1.Light -matter interactions

The most fundamental physical aspect to this thesithe interaction
between light andmatter; it is therefore paramount to adequately define this
phenomenon at the outset. Light cang be considered as a wave phenomenon
composed of electrical and magnetic fields, situated perpendicular to each other and
the propagating direction. This defines light as electromagnetic radiation where
both fields oscillate with space and time. A cuam system in the path of such
radiation will thus experience these oscillations. The wavelength of oscillations for
light described as being ultraviolet (UV), visible or infrared (IR) is much larger than
that of atoms, ions, molecules and nanoparticlé€3ollectively, these shall be
referred to as quantum systemBhus the oscillations with respect to space become
negligible and light is thus experienced as spatially uniform electrical and magnetic

waves oscillating with time.

Upon illumination of a gantum system with such radiation, electrons will
receive energy from the incident beam. This energy is acquired primarily through
interaction with the oscillations of the electric field but also, to a lesser extent, with
the magnetic field. If the frequey of light is close to one of the natural frequencies
of the quantum systerthe interaction is defined as resonant. A band of frequencies
exists around this central resonant frequency and energy transferral from one such
frequency to the quantum syst&termed absorption. Should these frequencies not
match, they are described as sresonant, yet small energy transferrals may still
occur. This small amount of energy is often lost rapidly and isotropically, as such is
defined as light scattering. Fa system, microor macroscopic, the remaining light
either unabsorbed or scattered in the same directitimegsopagating direction is

called transmission.

The polarizability is defined as the degree to which the systems electron

cloud is influencedyy the electronic component of light. Thyslarizability is a
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ratio of the induced electric dipole moment of the electron cloud and the applied
electric field strength from the electric component of light. For relatively low light
intensities a lineacorrelation between these two factors is observed, however for

high intensities, such dsr a laser pulse, nonlinear effects can occur.

Nonlinear optical effects are observed as a trend in which polarization of the
material responds nonlinearly to tledectric field component of light. Specific
processes which may occur in such regard are sdwamadonic generation, where
two photons of the same wavelength constructively interfere. This produces a
photon of half the wavelength (double the frequenay therefore energy). Such
interactions are very weak for a common broadband light source, however with high
intensity lasers such processes become dominate. Other effects include the bound
electronic Kerr effect, in which high intensity light in the sparent region of an
illuminated material experiences induced changes in the absorption coefficient and

refractive index.

For an absorption event, an induced electric dipole moment is created as with
polarization, however the magnitude is much greaterThe release of
electromagnetic radiation corresponding to the energy associated with this induced
electric dipole moment is named emission or luminescergieould the electric
dipole moment have been induced by another photon, the subsegaamss®n $
often called fluorescence.The excess energy magsteadbe delivered to the
structural environmentia the emission folattice vibrations, callegpphonons. The
emission of photons from such a system is defined as radiative relaxation. If the
releaseof energy occurs through the emission of phonons, it is defined as non

radiative relaxation

A third process may also occur however, whereby the energy of the induced
electric dipoles transferred to that of a nearby system. Such processes are therefor
described as energy transfer and the likelihood of the egentringis very much
dependent upon the resonance of the dipole energy to the natural frequency of the
recipient system As these two magnitudes deviate from one another, phonon
scattering mst occur in order for energy to be conserved. This may include the
generation of phonons due to an excess of energy, or a scattering event, whereby
single or multiphonon absorption is required fill the energy gap. As with the

initial absorption fromelectromagnetic radiation, the probability of such an energy
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transfer processoccurring is greater when a single phonon is required. As the

number of phonongequiredincreases, this likelihood decreasadher.

2.2.Femtosecond pulsed laser deposition

2.2.1.Ablation and plasma formation

The interaction of a femtosecond (£&) laser pulsef sufficient fluence (~
10'° to 10° W/cn) [1] with matter is known to ablate a hot dense plagima a
targets surfacg2i 4]. This generation oplasma has thus found applications in a
wide variety of materials processing and fabrication techniques. The nature of the
plasma itself is found to be highlyfiective of the initial ultrafast laser parameters
and considerations of the target matejidl Lasermatter interaction and how this
pertains to plasma ablation is thus of great importance for a coherent understanding

of deposited material.

A femtosecond laser pulse is found to interact with a tamgserial in a
manner quite dissimilar to that of other pulsed laser ablation techniques, goch as
a nanosecond (ns) pulse. The primary difference between these two pulsed laser
ablation (PLA) techniques is their duration relative to the relaxation anéshs for
a targetmaterial The transferral of energy fromdelocalisedand highly energetic
electronto a latticeis of the order of 1 pf]. A femtosecond laser pulse is thus
classified asiltrashortor ultrafastdue to it being faster than any possible relaxation
mechanism for an excited electron. The major relaxation processes are listed as
electronto-lattice energy transfer, heat diffusion and hydrodynamic diffigj8h
Thus during the entirety of the-éxcitation and ionisation event, atomic motion is
negligible. Longer laser pulses such as nanosecond and picoseconds pulses are thus
classified as thermal ablation techniqy8s10] as these interact with a surface
modi fied by the séfrontdé of the | aser pul

The absorption of the 4gulse occurs in a very thin layetefined as the skin
layer, and is typically found to be a few tens of nanometinesk [1]. For a typical
indirect bandgagsemiconductor such as silicon, this would appear to be much too
short due to its absorption coefficigtl]. The reason this is shortened to such an

extreme is due to the dominant nonlinear absorption mechanismsefextteme
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laser intensities of a fgulse [7]. Two-photon absorption (TPA) is a major
component of fdaser absorption. For TPA, the absorption coefficient of a material
is found to increase with thexjuare of the liigt intensity. As with many aspects of
fs-PLA, many of the mechanisms governing ablation are contested. This includes
avalanche ionisatiofi8] which was believed to play a fundamental role in the
absorption mechanism, has recently belallenged12]. This is found to be true

for many aspects of the excitation and ablation mechanismsPaiAg7,13].

Nonlinear absorption provides the fundamental reasoning for the intense
variety of possible target materials which can be used fBLf&s Such materials
include semionductors[14i 16], glasseg17,18], metals[19,20], ceramicq21,22],
polymers[17,23] and biological materia]@4,25] This makes #°LA a highly
versatilephysical vapour depositiceechnique.

Following the initial deliverance of energy to the electrons of the skin layer,
the subsequent eleotrto-lattice energy transfgorocess can occur. Thaffective
temperature of electrons following theléser energy transferral is determined to be
several thousand Kelvin. As an example, Ganedlgl [7] determined that an 800
nm fslaser focused onto the surface dfaA a fluence of 0.5 mJ cfrwould have a
maximum electron temperature of 3520 K. Note that 0.5 mJ ismlow for
deposition experiments. Laser fluence, F, can be defineddioealaser energyE
(J), focused upon an area A (&nthrough the followig relationship:

3 IF_ (2.2)

For the ejection of atoms and ions from a surface, sufficient energy must be
delivered to an atom in the lattice in excesshaf binding energy. This process
occurs very shortly after the electramlattice energy transfegprocessdue to the
enormityof energy contained within the skin layer. The minimum energy required
to initiate this type of ablation constitutes the ¢iv@d for ablation. For silicon this
has been determined to be 0.1 J°dor an 800 nm lasd@6] and as the fluence is
increased from this point, the yield of ions will also inseg27]. Note also that the

depth from which ablation will occur also increases with increasing fluegge

As the laser fluence is increased so as to approach the energy required to
cause complete atomisation (i.e. a change in stdkeetgas phasepanoparticlesre
ablated[5,20,27,29] Nanopaticles are believed to bdormed in the highly dense

plasma region where the focal point of the laser asitioned[27]. The
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nanoparticles form very rapidly via inelastic atomic collisjdh and do not grow
during pogression through a gas phase or vacuum. This is atatidthe growth

of nanoparticles via ABLD [30] which areformed in the gas phase. The proximity

of formation of nanoparticles to the surface followingdafser excitation originally

led researchers to suspect the particles formed directly from the si@idceOnly

very recently have satisfactory assessments linking numerical calculations and

computer simulations to empirical data been achi¢g4d28]

Upon further increases in the laser fluence, one may expect liquid droplets in
the plasma lpme [7,27]. Their formation is believed to stem from thermal
interactions due to spatial nemiformity in the incident laser intensity upon a
target surfacg¢32]. This results in lovthreshold material transformations such as
amorphisation33].

2.2.2.Deposition and thin film growth

The plasma phase emanating from the target surface very much dictates the
nature of the deposited material, which is directed by thasts parameters. The
deposited material can be made to pass through a vacuum, which is common
[4,34,35] or a background gd86]. Deposition in a dilute gaseous atmosphere
however is preferable for the growth of thin filnjl37] in order to achieve a

continuous surface layer.

Garciaet al [38] identified a significant variationn the stoichiometry of
ablated material to that of the target. This too is reflected in the stoichiometric
mismatch in the deposited matéiia7]. For binary systems with 1:1 composition,
Garcia identified variations in the elemental ratio as high ag & ablated
material. These ratios are found to vary from one system to another, yet
demonstrate an independence from the laser fluembe. stoichiometric mismatch
is thus attributed to the dissimilar ionisation energies of the elemental constituents of
the target.

The primary interest in literature is still directed toward the fundamental
understanding of the ablated material, with fgm@ups progressing with deposition
experiments [4,27,39,40] There is still limited knowledge in the various
fundamental aspects governing deposition of material wposubstrate. This
includes deposition in a background ¢4%], the distribution of depositing material

[42] as well as interactions between the depositing material and a substrate. These



-9-

aspects of fabrication are of great importance eftogression of the technique and

can be applied to the production of devices.

2.3.Alternate fabrication techniques

2.3.1.Nanosecond pulsed laser deposition (f3LD)

Nanosecond pulsed laser deposition-Rh®) operates within similar
operating procedures to thatfefPLD [43], involving the use of a vacuum chamber
and described through similar laser parametdiise longer pulse duration however
leads to markedly dissimilar ablation mechanicBhis leads to the formation of
nanoparticles at a much later stage in thesimpla expansion, forming through a
nucleation event, dependent upon the background gas préé4lreMuch ofthis
difference arises from the difference between the pulse duration and the electron
cooling time[13]. For a femtosecond pulse, this is much shorter than the cooling
rate This equates to a signifidadisparity in the electron and lattice temperatures
following the end of the pulseA nanosecond pulse howeveralso considerably
longer than the electron cooling rate, this leadsnt@lactronlattice coupling, in
which equilibrium is met durindase irradiation. NsPLD is therefore a thermal
ablation process as tims-laser pulse is used to heat thegetmaterial so as reach
thevaporisatiortemperature of the target

Ns-laser intensities areonsiderably less thdor fs-pulsesthusthe effectof
nortlinear absorption is negligible in relatioff]. For ths reason, the laser
wavelengthused is often in the UV. For exampld\&- laser, operating @93 nm
is common[45], so as to ensure ahilat from materials whicllo not absorb longer

laser wavelengths.

The ablation of metals bysPLD first results in a heating of the focal area to
the melting point, which continues as the pulse continues, ultimately reaching the
vaporisatiortemperaturend triggering ablatiofd6]. Much of the energy delivered
to the material isdst through thermal diffusioto the bulk during the laser pulse
duration. The extent of this thermal diffusion zone is found to extend between 10
em and 1 mHasers temdenot@o extend further therfew hundred nm
[47]. This thermal expansion throughout the region surrounding the laser focal point
is often sufficient to cause phase changes, this is evidénthasplashing of | ar g

micrometersized particleg6,10,48] This is found to be particularly common for
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high energy ndaser ablation.This not only has dire consequences for the prospects
of micromachining of surface, but also in the repeated use of a singular target for

ablation.

The compogtion of theablated plasma is also found to be quite dissimilar to
that of fslaser generated plasma. Zhagigal [49] studied this extensively for
various target materials. They identified thatlamer generated plasma has a much
lower concentration of high energy ionsddaw charge ions when compared te fs
albation Furthermore, the faser is much more efficient at initiating ablation at
lower laser energies and lead to considerable less residual surface damage following

ablation.
Based upon this survey-EsA would be more appropriate for:

(1) Encouraging the modification of a substrate surface with high energy

plasma pulses

(2) Allow a more varied range of target materials for futemdeavordbased

upon this research,
(3) The formation of waveguide structures uargetssurface,

(4) Reducing the abundance of large microparticles caused by thermal

ablation
FsLA is therefore more appropriate for the objectives of this thesis.
2.3.2.lon implantation

lon implantation is anethod doping substrates with ioasceleratedising a
high electric field to energies between 1 to 3,000 &3. The energy selected is
based upon twerimary criteria: the depth of penetration required and the nature of
the host material. Soft materials, such as polymeoailld require a comparably
lower accelerating voltage than a semiconductor for example. lon implantation is
the de factoindustry sandard for semiconductor processing. For example the
doping of silicon to fornpn-junctions[51] with boron, arsenic etc.

lon implantation uses single elemental ion sourcesriptantation;meaning
only one ion is implanted at a timé& noteworthy characteristic of ion implantation,
relevant to this thesis, is the depthfpeocof dopants implanted into a substrate. The

dopants implanted into a substrate by ion implantation follow a first order Gaussian
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distribution, or more accurately apbint Pearson (1V) distributiofb2]. Ultimately,

this translates to a namiform ion distribution with respect to depth. In order to
correct for this, multiple implants must be undertaken to reach a level of
concentration continuity with respt to depth.These implants are done at a range

of accelerating voltages so as to incorporate a spread of peak dopant concentrations
at different depth§s3]. This creates a more uniform dopant distribution profile and
remains the only means of doing slmn implantation waslsocommonly used in

the early experimentation to dopéicon with rare earth ion$4].

Following implantation, the substrate must be annealed so as to alleviate the
damage to the crystal structure and relieve stresses in the doped niiaie5ia]

These damageentregnclude the formation of vacancieaddislocationg55],

lon implantation has been intensely studied for many decades now, however
many of the dificulties raised in this reviewnay be alleviated through raethod
associated with f8A. This would allow ceimplantation and the prospects of

achieving a uniform implantation profile can be investigated.

2.4.Rare earth ion doped materials

Rare earth ions encompass all lanthanides and actinides as well as yttrium
and scandium, however it is common to refer to only lanthamisleare earthis7i
61]. For the purposes of this thesis, only the lanthanE€$ and Tni* are
considered due to their desirable optical properties. One of the defining
characteristics of rare earth ions is the isolation of individual absorption and
emission bands specific to each ion. When doped in a crystal or salt, these bands are
composedf a group of narrow lines, while in a disordered host, such as a glass, the
lines become broadened to a singular band. For a given absorption spectrum, each
of the lines and bands are found to correspond to electronic transitions within the 4f
electron kell. Each line within that band corresponds to a transition between a
crystatfield level of an excited state to that of a lower level, often the ground state.
Such transitions are otherwise forbidden by the Laporte rule, however, when the
ions are codtinated in some way (in a crystal, glass etc), a perturbation on the 4f

electron cloud partially allows such transitid68g].

The transitions themselves are found to occur betweerftino; free ion

levels, or manifolds, where S is the spin quantum number, J is theabtgalar



-12 -

momentum and L is the orbital angular momentum. The collation of these values

thus describes the energy state of electrons in tleéedfron shell.

The sharpness of the transitions and thktive independence of their
frequency centre fromne host to the next is due to the effective shielding of the 4f
electrons by the outer 5s and 5p shells. This results in very weak variations between
hosts, however spectroscopic differences are visible due to specific influences upon
the electron cloud.The nature of the transitions can be interpreted in one of tree

forms:

1. Induced electric dipole transitidnThis describes the majority of transitions
within lanthanide ions and is described by Ja@ftelt theory[63]. These
transitions are induced by interactionghathe electronic component of light.

2. Magnetic dipole transitiofi Such transitions are often much weaker than
induced electric dipoles, but also express much weaker sensitivities to the
host material. A given transition may possess both magnetic actlicele
dipole character, as with the®Er'l13,Y *l15,[64].

3. Electric quadrupole transitiond These transitions have not been
conclusively observed as they are much weaker than magnetite dip
transitions. Hypersensitive transitions, as will be described, have the same
selection rules ofuardupolatransitiong65].

Although the influence of the host upon the spectroscopic features of rare
earth ions is in some ways minute, due to theotiffe shielding by the 5s and 5p
electron clouds, it is not negligible. Significant influences from thessitemetry
(crystal field splitting) are noted upon certain transitions of lanthanide]6&)87]

A particularly interesting transition in this regard is*mF, Y *Hs. This transition

is often observed through the excitation of iHe level, depicted ifFigure2.1. This
interaction involves an energy transfer procgéstined ascrossrelaxation between

the excited Tni-ion and a neighbouring THion in the ground state. The cress
relaxation mechanism thus brings both ions to*femanifold. Radiativedecay

from both ions at theé’F, manifold thus results in themission of two photons
following theinitial absorption of a single, higher energy photon. This transition is
also considered to be hypersensitive, whereby an increased sensitivity to the
coordinating ligands can result in dramatic increases in theiveelatnission
intensityto other possible transitiondHypersensitive transitions are always induced

electric dipole transitiong5] and occur only within certain sigymmetrie§68]. A



-13 -

great deal of vaability is alsofound in the spectral lineshape and peak position of
absorption and emission of this transit[681 74].
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Figure 21. Tm*" energy level diagram demonstrating the cnadaxation
mechanism and subsequent decay from e manifold. Approximate
excitation and emission wavelengths are also illustrated.

2.4.1.Rare earth doped silicon

There are several reasons rare earth doped silicon materials and devices are
seen as attractive. Firstly, the coupling of the infrared emissiqregires of rare
earth ions with the transparent window in single crystalline silicon between ~1 and 7
em makes them a suitable pair. The pri
bandgap of silicon making it a very poor emitter of light. Doping waite rearth
elements is therefore viewed as a route to introduce optically active centres which
may be electrically or optically pumpg84,73,75 79]. This is whilst maintaining

the highly desirable material and electrical properties of silicon.

The primary applicability of rare earth doped silicon is therefore in optical
and optoelectronic devices. The combination of theseftnvvdamental aspects of
modern technology: optical and electronic, is of great interest for the development of
mobile and increasingly miniaturised and efficient devices. Similarly, the
exceptional optical properties of rare earth ions being utilisedbium doped fibre

amplifiers (EDFA)[80]. These devices have been utilised for the deployment of
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intercontinental fibre optics, minimising the degradation of the propagating signal
with low power consumptiofi8l]. The combined use of silicon and rare earth
elements can be utilised in a similar manner and forms the basis of motivation for

work in this field.

It has been demonstrated through numerous publications however, that
although silicon does not absorb the #edl infrared light, it can quench the excited
states of rare earth ions. This occurs through an energy backtransfer process in
which the long lifetime of excited state manifolds within a rare earth ion can
efficiently transfer energy to the silicon syste  This process is defined
schematically irFigure 2.2 for the common example of Erdoped silicon[75,82]

The relevant manifolds of Erare provided, including th81s;, ground state, the

*l13» excited state of interest and the pumpkd, manifold. There are further
manifoldsbeyond this up to the 5d states which can be found in full alongside all
other rare earth ion energy level diagrams in refer{8gle For the Et":Si system

[82], excitons are found to be trapped in states created either by the hybridisation of
Si conduction band statesith Er* 5d states, or due to an impurity induced level.
One can therefore state that thé"Enanifolds are coupled to the band states of the

Si system. Excitation of the Emanifolds can occur via the recombination of these
bound excitons in an Aug@rocess. Ef-ions can then decay radiatively, where the

1.54 ¢em |l uminescence is observed.
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Figure 2.2. Energy level diagram depicting the excitation and energy backtransfer
processes possible betweBri* and trap states within the crystalline silicon
bandgap E: and E represent the conduction and valence band edges of Si.

This process is found to dominate at low temperat(#&80 °C)[75] and
above this, rapid quenching of the®*Eexcited states is identifie[B4]. This is
spectroscopically observed as dramatic decreases in the luminescence intensity and
the decay lifetime. The quenching process has been demonstrated to be a direct
reversal of the earlier excitation pess[82], whereby energy transfer from the
excited EF": “l,5, state to a trap centre occurs.ride the process is described as
energy backtransfer. The temperature sensitivity of this process is due to the
contributions of phonon absorption to the energy transfer process. Thus one
observes both a decrease in the overall intensity, but also askeanethe observed
lifetime. Because the probability of this backtransfer increases over time, the longer
the EF*: *l13, States remain stable (i.e. do not decay), the greater the probability of

backtransfer occurring. ortdnimgo$thedifetime.o b s er v

Similar energy transfer processes have been identified for other rare earth
doped silicon materials, such as ¥ni73]. Although improvements on the
spectroscopic pragties are quoteth literature the luminescence intensity remains
heavily quenched and lifetime measurements are rarely, if ever quoted due to the

difficulty in their acquisition85].

In order to overcome these material limitations, novel concepts such as rare

earthdoped silicon rich silica were conceived. These materials are described as
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dispersed silicon nanocrystals in a silica glass matrix doped with rare earth ions.
The precise location of the rare earths is often difficult to defiogvever room
temperaturduminescence has been observed and quanfifi@gld Due to the glass
matrix used in these experiments however, electrical excitation is not feasible and

thus is limited to optically pumped applications.

Another alternative to the crystalline silichost system is that of amorphous
silicon [78,86]  An associated increasn the solubility of the rare earth ioms
amorphous silicon is also not¢d8]. The first report of luminescence from*Er
doped amorphous silicdi®6] suffered greatly from defect mediated quenching of
the excited states as well as poor electrical properties. Subsequent work however
identified improvements in both regards through the hydrogenatittceamaterial
[87]. Similarly, the inclusin of oxygen aided in the enhancement of the optical
properties at room temperature at the expense of the electrical prope8iies
Masterovet al identified that in oxygenated Erdoped silicon, the Ef-ions are

coordinated by oxygen ligands, akmthe EsO; system.

2.5.Semiconductor materials

2.5.1.Silicon

Silicon is certainly thale factostandard of the semiconductor industry. Its
use in virtually every aspect of modern day technology makes it the most important
semiconductor materials available. Sengrystalline silicon can be grown by the
well-established Czochralski procd88]. The ingots which are produced can then
be cut into wafers and subsequently polished to extremely high quality finishes.
This produces wafers of extremely high quality and purity Blétéor applications

such as solar cel[90] to microelectronics.

2.5.2.Zinc oxide

Zinc oxide (ZnO) is a highly versatile material, with applicability in personal
care[91], solar cells[92], piezoelectricd93], light emitting deviceg94] and for

spacebased devicef®5]. One of the most interesting properties of ZnO is its ability
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to form such a wide array of crystal stwre, which can be controlled to an
extremely high degrel®6i 98].

ZnO is a wide 3.4 eV direct bandgap grou{ylisemiconductor with aarge
exciton binding energy of 60 mej®9]. Inherently, these semiconductors are n
type,which is believed to be due to hydrogen dodib@Q]. It is also noted that the
formation of ptype ZnO is somewhat difficult, such as through the inclusion of Na
[101].

ZnO crystallites have been fabricated by a variety of techniques, each with
specific methodologies for the control of the growth mechafiié& 105]. ZnO
nanocrystallites have also been fabricated vidPlf® when grown at high

temperature on a sapphire substfaGs].

An extensive body of work has been dedicated to developing ZnO
crystllites for application in a variety of devices. Its true applicability is however
still limited by current alternatives, such as silicon for electronics and superior
alternatives such as PZT for piezoelectric materials. It is therefore an ideal material
for study through novel fabrication methodologies.

2.5.1.Zinc telluride

Zinc telluride is a wide 2.26 eV direct bandgap groul/llsemiconductor.
This particular compound, like other Zinc chalcogens (e.g. ZnS and ZnSe), is known
to have a high iconicity of.89. This has made ZnTe rather difficult to fabricate
through other methodologies, due to significant site vacancies and interstitials as
well as a sensitivity to strain the crystal latticg107]. ZnTe is highly desirable for
optoelectronic devices due to the visible luminescence centred at approximately 550
nm [108i 110]. Similarly, ZnTe has also been studied extensively for photovoltaics
[111] and is commonly used in conjunction with CdTe due to the similarity in the
lattice spacing$110]. Furthermore, its use as a terahertz (THz) detector makes it
particularly attractive for photonic applicatiofis2].
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Chapter 3.

Experimental Procedures

This chapter describes the various experimental procedures adopted during
this thesis for both fabrication and analysBetailed discussion of the procedures
adopted during experimentatiaalso given Moreover fundamental discussion is

given to both the use of certain analytical techniques as well as their applicability

3.1.Femtosecond pulsed laser based fabricatidechniques

3.1.1.Femtosecond pulsed laser deposition (BLD)

Samples are fabricated inside of a vacuuranaber using a 100 fsulsed

800 nm Coherent Ti:sapphire LIBRA laser operating at a 1 kHz repetition rate.
Before the laser enters the sample chamber, it passes throughnavelate and

then an adjustable polarizer. Thas the polarizer is adjustdtbtated) the laser
energy can be precisely controlled while the average laser energy is measured with a
Coherent LabMaxT op laser power and energy meter. The laser is focussed into the
vacuum chamber through a transparent window, whereby it is dirdcie8Da angle

of incidence to a targets surface. The target material is positioned on a raster table,
whereby it is both rastered and rotated in accordance with -arpgeammed
procedure. This ensures the laser can ablate the target surface everdy, whil
minimising excessive material removal from a singular area. The experimental set
up adopted for fabrication and thus far described f&LB is given schematically

in Figure3.1.
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Figure 3.1. Experimental set up for 8LD. The purple line indicates the path of
the laser.

During fabrication, the target rastering process runs continuously while a
substrate ipositioned directly above the target surface at a set distdrig@to 80
mm. The substrate can be heated through a programmable heating element giving
control of heating rate (up to 50 °C per minuteptmaximum temperature of 800
°C. The temperatures readthrough a digital output frora thermocouple fitted to
the top of the substrate. Approximately 1 cm below the substrate is a shutter which
can be used to block plasma ablation from contacting the substrate at any stage.

The sample chamber has 6get holders, giving the option for multilayered
thin film architectures, where separate rastering programmes can be applied to each

in order to accommodate for different target dimensions.

Prior to loading the substrate into its holder, it is cleanedyusiens cleaner
commercially sourced fromhorlabs", first using distilled water, then once dry, it
is cleaned with methanol and repeatedly inspected until no dust or delisle

on its surface. After the final clean, it is immediately loadedtimdPLD chamber.

If the target material is a silicon wafeas used in chapte, its surface is
often given a singl&vipe with a lens cleaner doused with methanol. When a series

of consecutive samples are being produced from a single target, theigaofien
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left in the target holder so as to minimise any contact and possible contamination of

the surface.

As described irsection2.2.1, the nature of the alikd material is heavily
dependent upon the set laser fluence. For this reason, the spot size and laser energy
must be as tightly controlled as possible to ensure continuity in the fabrication

process from one sample to the next.

Due to the analogue cant of focussing for the faser beam in the PLD
system, it is important to maintain stringent control mechanisms in setting up each
experiment so the spot size can be approximated as best as possible. In order to do
this, each target is vetted for itsirkace texturing, i.e. if the rastering is not
controlled precisely, a considerable dip in the cedtre to ablatiorcan appear.

This tends to happen after an extensive number of passes with the laser. Its onset
can be delayed by optimising the rastgrio ablate fromthe outer regions of the
targets as much as possible. Should a target develop a concaveaseatdéseribed
considerable fluctuations in the laser spot size and the direction of the ablating
plume can occur during an experiment. This ba extremely detrimental for the
continuity of the samples produced and must therefore be avoided. Should a
concave centre develop on a target, it is eifwdished in order to smoothaut, or

is disposed of Most oftenthe target is polished witr6ROP or 1200P SiC papas a
preventative measurbefore such surface features can develop. This effect is
particularly troublesome for targets made by pressing a powdiar several torn®

from a pellet. Due to the highly porous nature of the pellets, it can easily crumple
and so prohibits polishing; this results in a rapid onset of a concave centre and so
only one experiment can be conducted with a single pellet before a replacement is

required.

For ensuring continuity with regard to the spot size at the start of every
experiment, a qualitative approach is taken. Firstly, the laser is set to a very low
energy (typically 20 €J) and with the <c
the laser shutter is openew as to trigger ablationThe focussing is then adjusted
where the laser spot will appear a white dotyisible with laser safety goggles on.

Once the dot is visible, the laser energy is lowered again through adjustment of the
pd ari zer, usually to 10 ¢J. The focus:

visible. Thisprocesdss repeated until the spot is no longer visible for sufficiently



-21 -

low laser energies. This ensures that the spot size is set to its minimum and should
be so for each material utilised. Moreover, this ensures that adjustments to the
fluence can be made via alterations to the laser energy alone and is the only

foreseeable way to overcome this instrumental limitation.

This of course does not correct the problem entirely as material would still
be removed from the surface during fabrication and thus altering both the spot size
and plume dynamics. A means of compensating for this would be continual
monitoring of the abkad plasma plume via wavelengthime- and spaceesolved
optical techniques with at least a 100 ns resolufif]. In addition to this, a
feedback mechanism would also be required to automatically adjust the focussing
accordingly. Anin situ optical sgctroscopy technique such as this could infer the
relative velocities of the ablated material as well as the relative yield of ionic ablated
material, nanoparticles and microparticles. Such data can then directly feed into
subsequent analysis with tremend benefits for understanding a giveperiment
It is important to note that this still does not correct for the alterations in the surface
topographyand possible laser induced phase changes to the targefitsg]fin
addition to laseinduced changeto the target surface stoichiometry . The removal
or reduction in these lasarduced surface modifications is not something that can
be donein situ and therefore must be integrated into ones understanding and

expectations of the fabrication procesd any given experiment.

After the initial preparation stageshe PLD chambeis evacuated to a
vacuum of 5 x 18 Torr or higher whilst the substratés heated to 300 °C for 30
minutesat 50°C/minto degas it.Once the substrate has cooled to room teaipee,
a 400Torr N, gaspurgeis done and the chamber once agaipumped down to its
final base vacuum of 3 x Farorr or higher. Once reached, ttllamber ipumped
to asetpressureusing the specified gas typeAt this point,the substrate isnce
againheatedo 300 °C for 30 minutes at 5C/min. For sampkedeposited onto a
TEM grid, no substrate heating is carried asitthis would melt thsilver paint used

to attach thento the substrates surface

Once the substrate has cooled to roompterature, the deposition can then
commence. Note that an addi@dd0 to 15 minutes is allowed following the room
temperature measurement to ensure the sample is cooled sufficiently. The input

duration of the deposition is entered into the computaesysnd final checks of
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gas presure, laser energy and temperatare conducted. The rastering processes
are then initiated and the substrate shutter is engaged so as to block any plasma
deposition. This allows for a short 2 to 3 minute ablation whetfedgurface of the

target can be cleaned any surface contaminatiomith the laser. This also allows

for the plume dynamics to be inspected, ensuring the plume is stationary. This
means that the target surface is flat and therefore suitabbblfaiian. The target
rastering process can also be checked to a certain éxtensuring th@lume does

not flicker. If the plume was found to flicker, dslink§ it would indicate that the

laser was no longer focused upon thegetsurface and wouldherebre require
adjustment. Should any of these final checks fail, the chamber would be reopened

and the experiment restarted after correcting them.

Once satisfied with the plume dynamics and an adequate clean of the surface
was completedy the laserthe laser shutter is closed, the substrate raster started
with the substrate shutter cleared and finally the Isisetter is reopene start the
experiment. This will run for the duration of the experiment, whereby multiple
checks are conducted throughout texperiment. Approximately every hour,
measurements are made of the laser energy, the gas pressure, the plume dynamics
etc. Should the plume begin to blink, or the gas pressure drop (or the gas flow stop)
or any other problem which would affect the fesuof the experiment, the
experiment is stopped and restarted.

Upon completion of a successful experiment, the PLD chamber is vented to
room pressure using,Njas. If the sample was heated, this is done after it has
cooled to room temperature. The gdencan then be removed, inspected and
characterised.

3.1.2.Femtosecond pulsed laser surface modification (BLSM)

The name applied to this method of fabricatide-PLSM, is used to
distinguish between conventionatP&D applied in chaptet, and that useth later
chapters. Samples produced through this technique begin with a silicon substrate
heated to 570 °C and TZN glass target (80 mol%,J40 mol% ZnO, 10 mol%

N&O andthe addition o3 wt% Tm,03).
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Silicon substrates are first cut to the appropritteensions so as to fit in the
substrate holder, using a diamond scribe. This is best achieved by making a single
inscription along a set line with a plastic ruler. One side of the inscription is then
sandwiched between two silica glass slides and thposie side isgently and
repeatedly tapped across the surface. This eventually causes a very clean break
along the inscribed line. The substrate sizes produced for this work are measured as
1 x 2 cm. The silicon wafers are undoped, single side polished, 0.5 mm thick and

cut slightly off-axis to the {100} plane.

From this stage on, the preparation procedure is very much the same as that
described irsection3.1.1, where dow energy laseraster check is dorte adjust the
beam patho only cover thearget surfaceThe laser energy can then be lowered so
the minimum spot size can be found and set. Furthermore, all samples have a set
target to substrate distance of 70 mm and a pressut@ mTorr. This is used to

standardise the plume dynamics.

Once this second 30 minute degassing stage is completed, the sample is heated
to the desired temperature, whereby a set heating regime such as the one depicted in

Figure3.2 is followed for the entirety of the fabrication process.
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Figure 3.2. Heating regime for the femtosecond pulsed laser surface modified
sanples. The temperatures refer to those applied to the substrate: (1) 300°C,
first degassing stage; (2) desired gas introduced into the chamber; (3) 300°C
second degassing stage; (4t gabrication temperature; (5) 280 °C hold
temperature relieve stressaghe sample
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The heating regime iRigure3.2 may be modified depending on the sample,
for example if the fabrication is only to last 1 hour, stage 4 will be reduced
accordingly. The temperature of each stage is read off the digitaltoot a
thermocouple, whereby the thermocouple is fixed in close proximity to the substrate
itself. Due to the thermocouples location, an additional 10 to 15 minutes is given at
the start of stage 4, prior to deposition so to ensure thermal equilibciassahe
substrateat the start of the fabrication

At stage 4, prior to the fabrication process commencing, the same target
cleaning procedureescribed in sectioB.1.1 using the fdaser is adopted. The
desired fabrication duration st and the experiment is begufihe same regular
checks of all experimental parameters is carried out througheugxperimentat
least once every hour until the fabricatiencompleted. The cooling process at the
end of stage 4 down to room temperature generally extends into the evening and so a

fabricated samplis often collected the next day
3.1.2.1.Target glass preparation

The samples fabricated in the manner described itioge8.1.2 were
fabricated by the ablation of a tellurite glass with composition 80, Tel® ZnOi
10 NgO (mol%) and 3 wt% TmOs. The glass target was prepared from high
purity (>99.99%) starting chemicals in powder form. These powders were first
weighed out accordingly, ground up with a marble mortar and pestle and then
transferred to a gold crucible. The mixture was then Heat800 °C in an electric
furnace where it is molten and held at this temperature for 1 hour. The mixture was
then cooled to 750 °C arftbmogenisedor 2 hours in an atmosphere of dried O
gas. The melt was then cast into a 265 °Cha@ed brass moukhd subsequently
annealed at 285°C for 3 hours. Following this, a slow cooling rate of <1 °C/min was
followed until at room temperature. The resulting glass was then polished on both
sides to a finish of 2500 grade SiC. Great care was given to engaiferan finish

was achieved, thus avoiding the formation of a weslwgpe



-25-

3.1.3.Femtosecond laser micromachining (.M)

Femtosecond laser micromaching-iifgl) employs the use of an ultrafast
laser, ordinarily operating at a very low fluence, to machine the surface or
subsurface of a material. Surface channel waveguides are produced in this thesis
using the laser system aeibed insection3.1.1 The laser beam is orientated so as
to focus upon the surface athin film sample. A schematic of the experimental set
up is presenteth Figure3.3. This laser processing system is highly advantageous
for the fabrication of waveguide structures. Structures can be produced without the
need for a clen room or mask, reducing costs and increasing flexibility in the

design process.
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mirrors | waveguides
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Figure 3.3. lllustration of the instrumental set up used for femtosecond pulsed laser
micromachining

Figure 3.3 illustrates the ability to produce surface patterning as well as
buried waveguide structure. Only surface patterning is used in this work as the
materialsare all surface depositeat surface modified Prior to performing the
surface patterning, the stage is aligned so that it is focused precisely upon the
surface of the sample. The focussing is done on all four corners of the material so as
to ensure thdocusing is continuous across the surface. For performing surface
patterning, 2 € m t r a n s Jadstisidandi.e. elevatihghthe samplejo that
the focal point is just below the surface and wi#reforeremove thehin film. For
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carrying ait subsurface patterning however, the specimen would be lowered to a

depth of approximately 20 &m.

The surface channel waveguides are produced via inputting the desired speed
of translation as well as the specific path to take. The path taken exteosls @ 1
cm surface with the laser extending beyond the edges of the sample. This ensures

the channels are made cleanly, from edge to edge with no interruptions.

3.2.Optical characterisation

3.2.1.Photoluminescence spectroscopy

It is common to usethe terms photduminescence spectroscopy and
fluorescence  spectroscopy interchangeably, as used in this thesis.
Photoluminescence encompesisoth fluorescence and phosphorescentech are
themselves defined simply by the duration taken for emission to occur foll@awing
initial excitation with another photon.

Emission spectra in the range 200 to 2100 nm were acquired using an
Edinburgh Instruments FLS920 steady state and time resolved fluorescence
spectrometer This houses ¢ghermoelectrically cooled visiblphotonultiplier tube
(PMT) (200-900 nm), liquid nitrogen cooled neefrared (NIR) PMT (7061700
nm) and InGaAs (1062100 nm) detectors. A schematic representation of the
spectrometer is provided iRigure 3.4, where the three obéar ms
MC2 and MC3). The first brancipassing through the first monochromatbiql)
is used for the isolation of a specified wavelength (in the rang®@06m) from
the broadband e€s flash | amp source. MC
visible region with 1800 grooves/mm (the same as MC1) and one for the NIR with
600 grooveshm. MCS3 also has two gratings, one for the NIR region and another
for the MIR region where both have the same 300 grooves/mm. For fluorescence
measurements with the InGaAs detectanexhanicathopper and lockn amplifier

is used, as shown kigure3.4
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Figure 3.4. Schematic diagram of the experimental set up used for conducting
steadystate fluorescence andfeiime measurements Notation used is as
follows: MC = monochromator, FL = flash lamp, PD = photodiode detector,
PMT = photomultiplier tube

The sensitivity of the detectors deteriorates as the wavelength range extends,
i.e. InSb is considerable less séme in comparison to the visible PMT. This is
particularly true for the crossver detection range for the InGaAs and NIR PMT
detectors. For this reason, the 1540 nif Emission, which both detectors are able
to detect, is investigated using the NIR PMT.

Excitation sourcessed for samples include thgernale slash lamp source
(200900 nm) and a series of external laser sources. This includes two external laser
diodes operating at 808 and 974 nm, where the output is given fidreaptic
cable which can be fixed in position on the outer casing of the spectrometer. Twin
Ar-ion lasers (514 nm main linfl14]) which can be either directed into the
spectrometer individually, or combined to pump a tunable Ti:Sappire laser (peak

power output at ~800 nm).

3.2.2.UV/Visible/NIR transmission spectroscopy

Absorption measurements were carried out using a Perkin Elmer Lambda

19 UV/Visible/NIR spectrometer. Due to the fundamental nature of this work
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directed toward the fabrication odre earth dopethin films, the concentrations of

the ions are found to beelow the detection capabilities of this systerihis is
compounded by the strong visible absorption of Si, thus obscuring any indication of
absorption from any such ions. Following the upgrade of this equipment to a
PerkinElmer Lambda 950, repeatedeamtipts were made to characterise the rare
earth ions, however no discernalalesorptionpeaks could be identified. Further
attempts to characterise the absorption properties of rare earth doped materials
discussedn this work, includingFouriertransform infrared spectroscopyrTIR)

(both in transmission and reflection mode) as well as reflectivity measurements of
the films using thanew UV-Visible-NIR spectrometer. Another attempt was made
throughthe mechanical removal of several thin films which wien mixed with

KBr and again characterised using the new spectrometer, however absorption data

remained allusive.

The absorption properties of silicon thin films could however be
characterised. The primary interest in the transmission spectra of fatriiathin
films is the determination of their optical bandgap. The optical bandgap, as opposed
to the electronic bandgap, is defined as the minimum photon energy required to
generate an electron hole pair (exciton). The electronic bandgap in compsrison
the minimum required energy to both create and separate an exciton. One can
characterise the optical bandgap of a material by manipulation of the following
relationship[115]:

) F F r (3.1)

Where U is the absor pt iofamphotorp & is & constaetn t |,
andgi s the optical N agaihsy the photon energyt(in €V, g (U
commonly referred to as a Tauc pJ@t5] after its discoverer, can thus be used to
acquire the optical bandgap. This is found by applying a linear fit to the linear
region of the curve, where theintercept is found to be the opticalnaap. This is
highly beneficial for understanding the material properties of the deposited silicon
thin films as it allows for interpretation of the particle size. As the particle size

decreases, the bandgap raises which is evident through the forofaidiauc plot.

Prior to performing a transmission scan odegpositedSi thin film, as in

chapter 4 a reference scan is takesing aclean, blank silica substraté matching
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thickness Thus the resulting measurementigy due to contributions frorie thin

film.

3.3.Structural characterisation

3.3.1.X-ray diffraction (XRD)

For the characterisation of crystallites within a matetla, quintessential
form of analysis is Xay diffraction (XRD). This technique utilises a beam of
monochromatic Xrays to studyhe crystallography of a given material. Interaction
between the incident Xays and a crystal plane produce constructive interference

and a diffracted ray when Braggds Law i s

-7 Mg (3.2)
This rel at es tbtha of tha anglef diffrartioly, do-, and t he
spacing, d, in a crystalline sampleNote thatthis law extends to other walige
phenomena, such as electram&l neutrons Thus,by observing the angle at which
the X-rays diffract, one can interpret the crystal phase that is interacting with- the X
rays. This process is depicted Figure 3.5 for the interaction of Xays with an

arbitrary crystal plane.

Incident X-Rays Diffracted X-Rays

@ @ @ @ @ 4 ®

Figure 3.5. Schematic representation of the diffraction ofr@ys from a set of
crystal planes

XRD is a particularly powerful technique for describing unknown crystal

structures. The resulting pattern of diffractedays recorded by the instrument can
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be used to define the average spacing between layers of atoms, knegpaasds.

These daspadngs can be then compared to that of thousands of standard reference
patterns supplied in the internatitonal
2013 database. This can be used to identify what material and crystal phase they
may correspond to. Téin turn can then be used to deconvolute a pattern to isolate

one crystal phase from the next as more are defined.

XRD is not, however, a compositional analysis technique, as other crystals
can have similar diffraction patterns (including variations leg same chemical
composition). With adequate knowledge of the material composition as well as
complementary analysis with other techniques, accurate interpretation of the data

can be made to determine the crystallite composition.

XRD measurements are takdy positioning the sample on a glass slide,
where a blank silicon wafer is used to ensure the height of the sample is set to that
calibrated for the instrument. The holder used focusses ttays<to a certain
height, thus it is essential to positionetisample accordingly. Once done, the
instrument can be sealed up and agmegrammed scan can be initiated.

3.3.1.1.The Scherrer equation

A well-establishedmethodology for calculating the average particle size
from an XRD patterns with the Scherreequation. P Scherr¢t16] identified this
eguation as:

Ly
mTlE= Tgei e
Where Dy is the crystallite sizeleterminedin the direction perpendicular to the

(3.3)

lattice planes, hkl are the Miller indices of the plane in question, K is a numerical
factor often referred to as theystallites h a p e f a c trayrwaveleagth, & t h e
is the broadening factor (fedidth at half maximum) of the XRD peak at the Bragg

a n g Jireradidns.

The Scherrer equation has known limitations in its applicdfii], so one
cannad simply apply it to all systems to defirtbe crystallite size. There are a
multitude of factors effecting the observed broadening of an XRD [EHK.
Firstly, the instrumentation in use will result in a degree of broadening, often called

the instrumental profile; this can be acotad for by scanning a highly ordered and
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stressfree material and takghthe FWHM of a peak and deductitigat from further
observations. The crystallite size, which the Scherrer equation pertains to, also
contributes. Another important factor is thdtrmicrostrain on the crystal phase
being analysed. It should be noted that strain factors can vary from one @igys¢al

to the next and can be in the form of aamform lattice distortions, faulting,
dislocations and grain surface relaxations. Adddity, if the crystal shape (on
average) does not match that deduced for selection of the appropriate shape factor to
be applied to the Scherrer equation, additional miscalculations can occur. In
general, it is found that the application of the SchergelaBon is best applied to
peaks within t h.e Belowmthiggeak2symmeiny cdnffedd thel
profile analysis, while above it the instrumental profile and various microstrain
broadening factors have a larger effect. In addition, peak itteissgenerally

weaker at higher angles

The application of the Scherrer equation is however extremely useful in
particle size analysis. When used with a full complement of analysis regarding the
aforementioned considerations, it can provide rapid particle size anaRsisthe
purposes of amgsing the samples presented here, stiedgced factors are not
considered, however they are acknowledged and therefore the size measurements

shall not be considered with a high degree of certainty.

3.3.2.Raman Spectroscopy

Raman spectroscopy entails theuccterisation of the inelastic scattering of
laser light to determine vibrational, rotational and other-ieguency modes of a
specimen. The corresponding change in the frequency of the laser light following a
scattering event is found to precisely respond to the energy of these quantised
phenomena. Thus with sufficient supporting data, chemical composition and
structural subtleties, such as the grain size of a nanocrystal, can be inferred.

The specific changes in frequency of the scattered lighttamprehended
throughFigure 3.6. Figure 3.6 illustrates that the shift maye through the gain or
loss in energy of a scattered photon via interaction with the hosts quantised

vibrational modes, i.e. phonons.
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Figure 3.6. Energy level diagram of the various transitions possitlewing laser
excitation for Raman spectroscopy: (i) Infrared absorption, (ii) Rayleigh
scattering, (iii) Stokes Raman scattering, (iv) Antistokes Raman scattering

The theory of Raman spectroscopy thus corresponds to data which may be
acquired via infrared absorption. A distinctive advantage over infrared absorption
for Raman spectroscopy is that water in addition to many atmospheric gasses do not
interfere with thespectrum. Interference due to absorption of aimfichred source

can thus be avoided through this technique.

A Reni s haw ) Ramaraspetiiomeateois ysed for this work. The
50x objective lens used in this instrumentation offers the abditip¢us the laser
upon a desired section of the material. In addition to this, the laser may be focussed
to a fine spot size, thus maximising the observed scatterifgirthermore, the
ability to migrate the stage offethe ability toinvestigate diffeences betweeane
regionandanother For exampldf one area of a silicon thin film is more crystalline

than one a few micons away.

Due to the nosdestructive nature of this technique and lack of sample
preparation requirements, thin films samples banimmediately analysed. Each
sample is individually | oaded onto the
laser is used to focus onto a given surface feature observed through the optical
microscope. Refinements to the focussing are made so asitnisa the spot size

as much as possible.
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Data collection is typically conducted over the course of a 5 minute period
involving at least 2 accumulations. Samples scattering very weakly (i.e. low signal
intensity) are typically analysed for longer witkveral accumulations. Fluorescent
samples, such as where ZnTe is observed, are analysed at extremely low laser
powers and for much shorter periods of time. Multiple areas may be studied for a
single sample, often 4 or 5 in order to characterise the iaatefhis is done in
order to ensure the observed features are not artefacts, to find an area with decreased
fluorescence and thus observe the spectral features, or simply to probe different

regions of a sample.

3.3.3.Scanning electron microscopy (SEM)

For thepreparation of thin films for SEM analysis, two routes can be taken.
For a faceon perspective of the surface, the sample is simply attached to a standard
SEM stub (stainless steel) using conductive graphite paint. This both secures the
sample to the gb and provides a conductipathwayfor charge to dissipate. For a
nonconductive substrate however, the graphite paint is applied generously to all
exposed regions, i.e. no area of the substrate is left uncovered and a connection is

made to the thifilm under analysis

For a cross sectional view of the material, the sample must be snapped. This
is done in a controlled way so as to maximise the quality of the exposed area
following the snap. In order to do this, the underside of the substrai@ked in a
clean line using a diamond scribe. For Si substrates a singsdaiptionis made
and the same process as describedection3.1.2 is carried out. For a glass
substrate, a considerably more vigorous approach is taken, whereby insergugon

made to a greater depth

For each preparation method the sample has a 3 nm Pt/Pd layer applied using
a sputter coater. This reduces charging of the sunfiaaddition to not altering the
surface features of the material being analys&EM is conducted using a LEO
1530 FEGSEM for high resolution imaging and EDX measurements, while a Carl
Zeiss EVO MAI1S5 is used for backscattered electron characterisafitve. Carl
Zeiss SEM uses a tungsten filament and as a result the image resolution is not as
high in comparison.Descriptiors of the two primary imaging modes are provided

below as well agor energy dispersive Xay (EDX) analysis.
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3.3.3.1.Secondary electron imagqg

Secondary electron (SE) imaging is the most common imaging technique for
SEM. It detects the inelastically scattered, low energy electrons ejected from the
upper surface of a sample. This imaging technique therefore offers a topographical

view of thesurface of a material.

Several key factors must be accounted for when interpreting an SE image.
These are elaborated in the next section but are also discussed progressively
throughout the experimental chapters.

The use of SE imaging of the samptisscribed in this thesis is extremely
useful for determining the microstructure of the fabricated material. It both reveals
the porosity of the deposited thin films, whilst indicating the degree of roughness
upon the surface. For the surface modified [gas) it allows a clear view of the
subsurface when a cross section is taken. This information is invaluable in
understanding the manner in which these materials are forming. Additionally, it
provides sufficient data to make an informed decision on walspects of the
fabrication process require altering or if further analysis, for example with the TEM,

is needed.
3.3.3.2.Backscattered electron imaging

Backscattered electron8%E) originate from elastic interactions between
incident electros from the primary edctron beam with the atomic nuclei of a
constituent atom in a given interaction volume. A fundamental principle of this
interaction is the strong correlation between the probability of its occurrence and the
atomic number of that nuclei, z. That is ty #aat with a larger atomic nuclei,dte
is an increased chance ofbackscatteringevent occurring. Hence the resulting
image will have a strong contrast ratio related to the average atomic number of that
region, aZ-contrastas it is often calledi119]. For asystemwith manyelements to
be consideredn various quantities, the calculation of an average atomic number, Z,
for a given regions required Analytically, one must consider the BSE emission
coefficient, d, when discussing the <col
guantity, d, relates to the number of
backward, i.e. arangle greater than 90° from the scattering event. This is found
through the following equatiofiL20] for samples orientated normal to the incident

electron beam direction:
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t VL (34)
A great deal of uncertainty is associated with the calculation of BSE
emission coefficients for low atomic numbef$21], i.e. Z 10. Equation
(3.4 howeer has been cited22] as effective for this purpose in relation to other
proposed equations. Following caldula ons of indi vidual d
proceed to an average BSE emission coefficiedt,through the following
relationship[123]:

t BL . (35.)

Where¢i s t he weight fraction of thejisspecif

its respeave BSE emission coefficient.

When used correctly, BSE imaging can be extremely powerful. The surface
penetration allowsone to identify subsurface features of a different chemical
makeup. This is used to great effect with the surface modified samples, allowing the
identification of the distribution, abundance and the spread of subsurface particle

sizes.
3.3.3.3.Energy dispersiwe X-ray analysis

Energy dispersive Xay (EDX) spectroscopy is an analytical tool used in
conjunction with an electron microscope for compositional analysis. Electrons of a
sufficient energy are used to excite a bound electron of a given element ter high
electron shell. The hole this excitation produces is quickly filled by the decay of an
electron from a lgher energy shell. This decagleases a photon with a
characteristic energy in the form of anray. These Xays can thus be recorded
and mappe to known spectrums @achelement. The data is computationally fitted
to describe both the existence of certain elements within a spectrum and to calculate
their composition. Due to overlaps of certain peaks and inherent resolution
difficulties, suchanalysis can be somewhat prone to inaccuracies, thus it is described

as semiguantitative.

This technique is used both for SEM and TEM analysis. Its use in SEM
analysis can be somewhat prone to errors, very much akin teSBES&Eimaging.
The interaction zone for electrons generating these characterisigsXs located
below the BSE region.This means that the observed spectrum is not necessarily

representative of the composition of the surface features, but more likely the
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subsurface. The penetration depth of the electrons can be accounted for by Monte
Carlo simulations based upon an est@naf ther composition and density. Thus

one can apply a lower accelerating voltage to reduce the depth of these electrons,
however the tradeff is that lower accelerating voltages may not be sufficient to
observe characteristic-Mays from elements ahterest. Furthermore, this too does

not guarantee knowledge of the interaction volume, thus errors pdriestactions

with surface texturing can also imbue additional inaccuracies in the compositional

analysis. This shall be elaborated upon in syisset chapters.

EDX analysis is however extremely useful for compositional analysis and the
ability to determine the area of effect allows one to map certain featAtggugh
this is moreaccuratelyconducted using TEM, the considerably shorter sample
preparation times leads to a higher throughput of analysis.

3.3.4. Transmission electron microscopy (TEM)

A transmission electron microscope (TEM) operates very much like a light
microscope, except electrons are used instead of visible light. The reasomdor us
electrons is due, in part, to their considerably shorter wavelength which enables the
resolution of objects in the order of angstroms™1). Such high resolutions are
able to be met due to the ability to focus the electron beam to a very firie poin
associated maximum sample thickness of approximately 100 nm must also be
adhered to due to the interaction of electrons with matter. Samples thicker than this
will result in significant degradation of the intensity of the beam electrons, thus

compomising the image.

For the description of a TEM system, it is convenient to describe the
equipment used for this workl his includeswo TEM microscopesan FEI Technai
TF20 and a Phillips CM200. The former is a fielahission gun TEM (FEGEM)
using a Igh-angle annular darkeld (HAADF) detector and is also used for
acquiring energy dispersive-pay (EDX) analysis. The latter is also a FEEM,
capable of acquiring EDX mapping as well as point EDX analysis. Both TEMs are

also able to acquire selectaka electron diffraction (SAE[patterns

The use of TEM for this work is fundamental to gaining adequate
understanding of theamples producedFor the deposited silicon samples, TEM
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allows for particle size analysis, where experimental limitationslymted the use of
other analytical techniques. The additional features of a TEM (EDX, SAED etc.)
allow for the acquisition of an enormous wealth of data, making this any invaluable

resource.
3.3.4.1.Sample preparation by the nechanical removal of thin films

Some thin films,described in chaptet, were mechanically removed from
their substrate and dispersed in methanol. The dispersiohomasgenisedising a
sonicator which also assisted in the further breakdown of dispersed particles. A
small drop was exdicted from this solution and deposited onto either a standard
copper TEM grid or a SiN grid for high temperature studidsis technique is
useful for particle size analysis, however the destruction of the sample structure
precludes any gain of informatioegarding the film structure.

3.3.4.2.Standard crosssectional preparation methodology

The standard methodology for the preparatiba thin film crosssection for
TEM analysis involves many steps. Firstly, two sections of a sample are removed
using anultrasonic cutter and subsequently cleaned in acetone. Following this, the
two film faces are bound together using an epoxy resin. Additional silicon wafers
then sandwich the bound sample, providing adequate depth for subsequent
processing. The sametralsonic cutter is then used to bore through a cross section
of the sandwiched layers, centred upon the sample wafers producing a tube shaped
core. This core is then coated in epoxy resin and inserted into a copper tube. The
core is then cut into indivighl sections of approximately 1 mm thickness using a
diamond blade saw. The resulting sample grids are ground down to a thickness of
250 em with a high f i nhesvafer mustthen be thianmed s i d ¢
atits centre using a dimple grind@mgsitioned at the centre of the interface between
the two sample wafers. An approximate thicknessdf 2e m i s achi ev.
verified by its transparency using an optical microscope. An equal amount of
material is removed from both faces of the sam@eh& produces the best results
in the following step. Through the use of precision ion polishing (PIPS) twonrAr
guns are used to further remove material from the dimple until a minute hole is
visible at the centre of the sample interface. Upon cetigol of this stage, the
sample is therefore ready for analysis with TEM.
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This technique is extremely useful for cregctional imaging. The ability to
dissect a sample in this way allows one to preserve the structural characteristics,
which is paramourfor the surface modified samples. Although the viewable area is
much larger than samples prepared by FIB, there is no way to accurately determine
which area is beingtudied This will be discussed in greater detail in chapter 6.

Additionally, some fetres may be lost during the abrasive thinning process.

3.3.4.3.Focused ion beam (FIB) hography for the preparation crosssections
for TEM analysis

Focused ion beam (FIB) lithography is a more precise sample preparation
tool than that described in sectiBrB.4.2 where a specific area of a surface can be
extracted. This however produces a considerably smaller sample size than what can
be achieved by the standard hmology. The FEI Nova 200 NanoLab used for the
sample preparation described in this work uses a high resolutiorSEBA for
imaging and a focused &an beam for etching. Prior to etching, the instrument
also deposits a layer of platinum on the surfacerder to protect the surface
features from the Gmns. The sample can then be mechanically removed and

positioned upon a grid ready for TEM analysis.

FIB is a far more refined manner of cresectional TEM sample preparation.
It offers the ability taspecifically isolate aresof interest for extraction and analysis.
This isimpossible with the standard technique, however FIB is considerably more

expensive in comparison, thus extensive studieardmtunately undoable.
3.3.4.4 Energy-dispersive Xray (EDX) analysisthrough TEM

EDX spectroscopyacquired during TEM analysis is found to be inherently
more accurate, this is due not only to the lack of surface texturing, but also because
much higher electron voltages can be applied, thus enhancing the sEsctaion

of higher energy characteristicrdys.
3.3.4.5.Selected area electron diffraction (SAED)

Selected area electron diffraction (SAED) utilises high energy electrons
during TEM analysis to characterise the crystallography of a material. This is
achieve by observing the resulting diffraction pattern made by electrons following
their interaction with a crystallite (or lack thereof). The diffraction events occur due
to the wavdike nature of these high energy electrons #redr wavelength being
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ordersof magnitude smaller than the spacings between atoms. This process thus
follows the same theoretical basis as described for XRD in se&&Boh The long

range order of small crystallites€i <100 nm) thus causes a spattern to become
apparentand is recorded usingdetector. Due to the angular sensitivity of crystal
planes,the angle of incidence of the electron beam thus affects the observed spot
patterning. Thus a sample is often tilted in order to align with a particular crystal

plane.

Should the specimen be composed of a collection of nanocrystallites, the
diffractonpat t ern appears much more as a Ori:
the patterned spots, correspond to electron diffraction down a particular crystal
plane. Note also that an amorphous material will simply appear as a diffuse glow
protruding from theentre due to the lack of longnge order in the material.

SAED is an excellent complementary technique to XRD, and vice versa.
Where XRD provides an overall view of the samples diffraction pattern, SAED is
able to pinpoint the crystal structurasthenanoscale In turn, thisallows one to
build a complete image of the material under investigation. As the surface modified
samples were completelynexploredprior to this work, this kind of investigative

technique is highly advantageous.

3.3.5.Atomic force microscopy (AFM)

Atomic force microscopy (AFM) studies were conducted using an Agilent
Technologies 5420 in tapping mode. This produces high resolution surface images
of a specimen by the interaction of a tapping cantilever and detecting the dampening
of the oscillations due to interactions with the surface. The image is therefore
recorded as the tip scans across the surface. Thmehsional profile that is

generated is particularly useful for characterisingNssamples.

AFM can provide very high eslution surface topography images, which can
be used to make a number of quantitative interpretations, such as surface roughness.
Additionally, specific AFM tips can be used to measure a wide range of material

characteristics, such as magnetism, conditgtetc.
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3.3.6.Thermochemical calculations using HSC Chemistr} 6.0

As will be seen in chapter 5 to 8, extensive crystallisation occurs during the
fabrication of the surface modified samples. To use an example, the formation of
ZnTe in the subsurface, i.embedded ir8i0,, poses many questions regarding the
formation mechanisms involvedAs part of the investigation to probe this, much
discussion is given toward the extent of diffusion in the materisitu; however the
absence of oxides from the originglass requires special consideration. Diffusion
is tackled within the relevant chapter, however, to best understand the chemical
behaviour during the experiment, thermochemical calculations are required.
Thermochemical calculations allow one to quiry likelihood of formation for one
phase over another. Manually, this is a rather labopousesshence the software
package HSC Chemist¥ 6.0is empbyed This package contains an exhaustive
database of thermochemical déta over 20,000 chemical species. Each species in
the database contains the enthalpy (H), entropy (S) and the constant pressure heat
capacity (G) as well as a variety of other information. Other key values associated
with each species include A, B, C andnbich are coefficients of the heat capacity
function predicted from experimental data. These are unimportant for room

temperature calculations, however they are essential at elevated temperatures.

As the plasma phase is not continuously in contact \wiéhstibstrate, due to
the pulsed nature of the laser (1 kHz repetition rate, i.e. 1 pulse per ms), the
prevailing influence upon the substrate is the applied toetite substrate This is
also true during the extensive cooling process depictdeigare 3.2. Thus it is
reasonable to assume that chemical interacteosarringin situ are predominantly
driven by the substrate temperature. For this reason, thermaethearaiculations
can assist in determining the likely route a considered reaction may take and

therefore aid in the understanding of the surface modification process.

The software can thus calculate the (
interactonf or a set of temperatures. G i s
used to infer the direction a reaction may take. If it is negative, the product of a
reaction is favoured, if it is positive, the reactants will likely remain isolated. Due to
the canplexity of many of the interactiorgossible in the aforementioned chapters

the calculations are used more as a guide.
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A typical example of how the software would calculate a reaction is provided
for the reduction reaction of 1 mole of Te@ahd ZnOby 1.5 moles of Si at 500°C:

TeOG, + ZnO + 1.5Si = 1.5SiO+ ZnTe

For this reaction, the HSC software first calculatgs aC the set temperature.
Because this cannot be predicted through thermodynamics at elevated temperatures,

the Kelly equation is adopted:

~=1l8 d © d 3 4 9

The individual enthalpies (H), entropies (S) and Gibbs energies (G) for the reactants
and product are then calculated through:

|
Tl JI| 2l | 8 >v1| 8 FJFJll B «» (3.7)
|
14 8 1, —d# BrH (38)
17 7 19 (3.9)

Where H(298.15) and S(298.15) are the enthalpy and entropy of formation at room
temperature (in Kelvin), T is temperature ang B the enthalpy of phase
transformation at temperaturg.This then allows for the various components of the
reactions to be calculated, and then finally the Gibbs energy of the reaction. These

are as follows:

Ya . T4 b T4 8 Y4 8 Yt ML | m
(3.10)
A, {ly o fu. 8 o 8 ot fa. 431
2N THab A 8 7 8 qyp 7r. 44312

Note the integers in front of each quantity represent the stoichiometric ratio for that
compound. As can be seen, this calculation woutthine extremely laborious for
several hundred individual temperatures across dozens of possible reactions. The
use of HSC ChemistH is therefore necessary.
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Chapter 4.
Fabrication and characterisation of silicon and rare earth doped

silicon thin films

This chapterdescribes the experimental exploration of femtosecond®(&p
pulsed laser deposition {BLD) of silicon and rare earth doped silicon onto low
cost silica substrates. The fabrication process is studied relative to variations in
pressure, background gage, laser energy and substrate temperature as well as
studies into the fabrication of multilayerifn structures. Trivalent thulium (T
and erbium (EY) doped silicon thin films were also studied for their siniftared
and neadinfrared fluorescece characteristicgespectively. Tri doped samples
were also processed via femtosecond pulsed laser micromachining for the

fabrication of surface channel waveguides.

4.1.Introduction

With regard to the doping of silicon based materials with rare earths,
considerable efforts have previously been made to effectively incorporate the
lanthanide erbium (Bf) into a silicon host for optical applicatiofig8,82] The
optical characteristics of Erionsmake it highly desirable for communicatids).
Similarly, fluorescencdrom theF, Y °He manifoldsof Tm**-ions are in the eye
safe region around 1800 Hi73].

Investigations for the doping of silicon with rare earth elements have
confirmed an energy transfer mechanism from the-losegl excited states of the
ions to silicon[54,78,82] This transfer process demonstrates a temperature
dependency as phon scattering is require®2]. Thus a single crystalline silicon
host demonstrates very poor room temperature fluorescence charactéBifics
Amorphous silicon however has been found to demonstrate room temperature
fluorescence from rare earth dopar®6,88,124] yet expresses very poor
conductivity [78]. This however can be improved via hydroggamy the sample
[88].
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The interaction of an ultrafast laser pulse with a pressed powder pellet may
enable the formation of nanoparticles composed of both silicon and a rare earth.
This may enable an effective doping scheme in which to introduceasteiens to
silicon nanostructures which may be exploited for light harvesting applications.

4.2. Experimental parameters

The experimental parameters for samples described in this chapter have been
segmented into different tables for corresponding subsecti®he nomenclature
applied to each sample has been set so as to convey the relevant experimental

variables used. Each sample name follows the same pattern:

[Durationi hours] keyvariable] [quantity of that variablied cm?, mol%, mTorr or

°C] [Gas type used] [sample version if parameters match]

Where the duration is set to 2 minutes, as in the samples describeloled.1, an s

is used to denote O6shorto. The wvariabl
fluence, T for temperature, P for pressure, Tm for thulium content (this may be in a
fluoride or a ssquioxide form) and Er for erbium contenfhe gas type used is

defined as H = 4%H in Ar and Ar = Ar ga¥/here possible, these variables are
simplified only to key variables in order to shorten the narméss chapter has been

broken in several subsemtis, into which different sample sets are discussed.
Sample tables related to each subsection are provided to simplify the array of

samples discussed.

The experimental variables used for the fabrication ofrsabolayer samples
discussed in sectiof.3.1are provided inrable4.1, while the fixed parameters for
these samplesra provided inTable4.2. The experimental variables for undoped
silicon thin films studied by SEMs described in sectioh3.2.1are provided in
Table 4.3. The samplestudied byRaman spectroscopy section4.3.2.2 are
described inTable4.4 and the optically characterised sampdésection4.3.2.3are
provided inTable4.5. Each of these sample sets used fixed variableshwhece
kept so for reasons that will be become clear during analysis and are defined in
Table4.6. The experimental parameters for rare earth doped saangleiscused
in section4.3.3for Tm doped samples add3.4for Er doped samplesre provided

in Table4.7 and their fixed parameters are defined @ble4.8.
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samples described in this chapter

Sample ID Laser energy(mJ) | Laser fluence(J cm®) | Pressure(mTorr)
sF0.9P4®MH 0.150 0.9 40
sF1.3P4H 0.220 1.3 40
sF1.9P4®-1 | 0.315 1.9 40
sF1.9P2H 0.315 1.9 20
sF1.9P4®-2 | 0.315 1.9 40
sF1.9P6M 0.315 1.9 60

Table 4.2. Fixed experimental parameters used in fhbrication of the sub

monolayer samples

Target Single crystalline silicon wafer (5 inch diameter
Gas type 4% hydrogen in argon

Target to substrate distance | 70 mm

Spot size, crh 1.7 x 10*

Substrate Cu TEM grid attached to Si®lass
Substratetemperature, °C 20

Deposition time 2 minutes
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Table 4.3 Table of the experimental parameters for samples fabricated from the
ablation of a single crystalline silicon wafeiColumn headings have been
abbreviated as: F: Fluence, P: pressure during deposition, T: Temperature
during deposition, t: duration of deposition, g: Gas type used during deposition

Sample ID F (J cm?) P (mTorr) T(°C) |t(hours) |G

1PO 2.0 None 20 1 None
1P70Ar 2.0 70 20 1 Ar
1P120Ar 2.0 120 20 1 Ar
3T20Ar-1 2.0 20 20 3 Ar
3T100Ar 2.0 20 100 3 Ar
3T200Ar 2.0 20 200 3 Ar
3T20Ar-2 2.0 20 20 3 Ar

3T20H 2.0 20 20 3 4%H, in Ar
3T100H 2.0 20 100 3 4%H, in Ar
3T200H 2.0 20 200 3 4%H, in Ar

Table 4.4. Table defining thefabrication variablesof samples used for Raman
spectroscopin sectiornd.3.2.2

Sample ID | F (J cm?) P (mTorr) T(CC) |t(hours) |G

1T20H 1.47 50 20 1 4%H, in Ar
1T50H 1.47 50 50 1 4%H, in Ar
1T100H 1.47 50 100 1 4%H, in Ar
1T200H 1.47 50 200 1 4%H, in Ar
1T300H 1.47 50 300 1 4%H, in Ar
1T400H 1.47 50 400 1 4%H, in Ar
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Table 4.5. Table defining the experimentaariables for the fabrication ;lamples
characterised for their optical bandgasectiord.3.2.3

Sample ID F (Jcm™®) T(C) [P (mTorr) t (hours) G

1F1.7P5H 1.7 20 5 1 4%H, in Ar
1F1.7P20H | 1.7 20 20 1 4%H, in Ar
1F2.3P5H 2.3 20 5 1 4%H, in Ar
1F2.3P20H | 2.3 20 20 1 4%H, in Ar
1F2.9P5H 2.9 20 5 1 4%H, in Ar
1F2.9P20H 2.9 20 20 1 4%H, in Ar

Table 4.6. Fixed experimental parameters applied to all samples descrifablia
4.3 (SEM), Table4.4 (Raman)andTable4.5 (optical)

Target to substrate distancglmm) | 70

Laser spot sizglcm?) 1.7 x 10°
Target Singlecrystalline silicon wafer (5 inc
diameter)

Substrate Fused silicate glass
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Table 4.7. Table of the experimental parameters used for the fabrication of rare
earth doped silicon thin films The rare earth composition is provided in
mol%, intermixed with electronic grade silicon as a pressed powder pellet.
The specific experimental procedure6d@m10Aris provided in the text

Sample ID F (Jcm?) |t (hours) | G Target

6Tm10Ar 2.40 6 Ar 10% TmO3 and eSi
4Tm1Ar 1.47 4 Ar 1% TmkRin Si

4Tm2Ar 1.47 4 Ar 2% TmRin Si

4Tm3Ar 1.47 4 Ar 3% TmR in Si

4Tm3H 1.47 4 4% Hyin Ar | 3% TmRin Si

ATmOAr 1.47 4 Ar Si pressed powder pellet
4F0.59Er1Ar | 0.59 4 Ar 1% EpOzin Si
4F1.47ErlAr | 1.47 4 Ar 1% ErOzin Si

Table 4.8. Table of the fixed experimental parameters used for the fabrication of
rare earth doped silicon thin films

Pressure(mTorr) 20

Target to substrate distancgmm) | 70

Laser spot sizelcm?) 1.7 x 10

Substrate Fused silicate glas

Substrate temperature(°C) 20
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4.3.Results and discussion

4.3.1.Sub-monolayer fabrication

A series of samples were fabricated in order to define the laser fluence
regime for theablation ofsingle crystalline silicon wafer target§his also allovs
bettercomparison tabservations iditeratureto better define the thin film samples
fabricated. The samples are deposited directly onto standard copper grids designed
for transmission electromicroscopy(TEM). This was achieved by attaching the
grids onto the underside (i.e. the side exposed to the plasma plume) of a silica
substrate using conduing silver paint supplied from Agarc&ntific. A study of
this kind was also done by Eliezeral [125] for the ablation of aluminium by {s
PLD. All copper grids are positioned in the centre of individual gifidesso to
only collect material propagating directly upwardn order to prevent possible
contamination of the grid surfaces, immediately after the sample is removed from
the PLD chamber, it is put into a sample tub, sealed and then put into a vacuum

desiccator.

TEM was used to image several areas across the samples, whereby no
microparticles could be identified, however a large abundance of nanoparticles was

found and a selection of these are provideigure4.1



Figure 4.1. TEM images of sumonolayer samples (é8F0.9P40H (b) T2; (c)
SF1.9P40HL; (d) SF1.9P20k (e) SF1.9P40H and (f) T6

With reference td-igure4.1, the minimum particle size measurements have
been limited to 59m because of the low contrast ratio of spelticles against the
copper grid. To confirm that the observed particles are in fact silicon, energy
dispersive xay (EDX) analysis was perfmed on a selection of particles.
Examples of two EDX patterns are presentedRigure4.2. For convenience, the
matching elemental Xay signatures of the respective peaks have been marked on.
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Figure 4.2. Energy dispersive Xay (EDX) analysis of two example particles
observed during TEM analysis of the samples presentéidiime4.1

EDX analysis wasanducted on several particles across the surface of each
sample. The two EDX spectrums provided kigure 4.2 best reflect the
observations made. One should notd the detection of copper is unavoidable due
to the grid in use. Deducting this from the compositional analysis is thus considered
to be acceptable. Upon doing so, one acquires an average Si atomic percentage
(at%) for all EDX scans acquired of approsi@ly 95 at%. The remaining
contribution is invariably oxygen which can be ascribed to contamination and the
existence of an oxide layer on the surface of the Si particles. An accurate
determination of the oxygen content of these samples by EDX is ldgbigus due
to the low atomic number of oxygen. The observed oxygen composition can be
influenced by factors such as contamination in the form of ice formed on vacuum
traps within theTEM instrument as well as dhe surface of the sample itself. For
exampl e i f Lssample weareeabalysed by EDX (i.e. with a stoichiometric
match and no contamination) the ratio observed would likely deviate from the real
due to the factors listed as well as others. Due to these considerations, direct
interpretation of the oxygen comgiisn is discounted and it is simply understood as

being 6l owd in the particles.

Note that due to the particle sizes, observation of crystal planes is found to be
difficult to identify. This is due to the amorphous Cu grid obscuring their

observation. The ideal way to observe crystal planes is to identify a particle which
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is positioned over the edge of a hole in the copper grid. One such example of this is
presented irFigure4.3. Note that no crystal planes are observed for this particle,
nor any other during TEM analysis. The particle Rigure 4.3 is therefore
interpretedas being amorphous. It should be noted that due to the minute sample
size studied by TEM, it is not possible to generalise such observations. Thus, the
interpretation of levels of crystallinity shall be investigated in subsequent sections of

this chapter

Figure 4.3. TEM image of a deposited particle where paritgbrotrudes over a
hole in the copper grid showing no crystal planes

Histograms of the particle size distribution for each-sumolayersample
are provided. @mparisos of samples wheiaserfluence is varied are presented in

Figure4.4 andvariations ingas pressurare presented iRigure4.5
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Figure 4.4. Histograms of the particle size distribution for samples deposited at
different laser fluences at a fixed 4% hydrogen in Ar gas pressure of 40 mTorr:
@) stl.9P4OH1 i 1.9 Jen?; (b) sF1.3P40 1.3 Jenif and (c)sF0.9P40 0.9
Jem
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Figure 4.5. Histograms of the grticle size distribution foramples deposited at
different 4% hydrogen in Ar gas pressures at a fixed laser fluence of 1% Jcm
(@) sF1.9P681 i 60 mTorr; (b)sF1.9P20H 40 mTorr and (csF1.9P40F2 i
20 mTorr

The exponential decays applied to the histogramBigiire 4.4 and Figure
4.5 are found to be consistenaside fromthat of sF1.3P40H The discrepancy
between theexponential fit forsF1.3P40Hand the other samples is ascribed to
inconsistencies in the resolution of certain TEM imag&his results irmiscounts
for the smaller particle sizes. For this reason, a minimum particle size for this

characterisation wagsat 5 nm, so as to avoid gross miscalculations.

The vyield of nanopatrticles of a larger siteanthat of the most abundant

decreases exponentials theparticle size becomdsrger[28]. The exponential
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fits therefore convey this relationship, suggestingtinuity with that of literature
[4].

It is worth noting that the particle size distribution identified in litem&tu
which matches the distribution profile depictedrigure4.4 andFigure4.5 appears
to resemble that of a log normal distribution. Fitting this to the curreatiatever
has not been attempted for the reasons already mentioned. A log normal distribution
in particle size has been linked to particle growth by coalesdé@ée128]. This
meets with the current theofy] describing the formation of particles at or just

above the skin layer, following ablation.

Detailed understanding of the ablation mechanismnea be acquired
through the use of thsystem, as explained in secti®ri.1 In order to gain greater
insight, specific diagnostic tools are required. Thus care simply state that the
obseved particle size distributioreflects that reported in literatueand is found to
be consistent across this narrow range of lasergy and pressure regime described
in Table4.1. Amoru® et al[4] identified a mean particle size 8hm and wa also
able to identify the sub nm particles, the particle size distribution identified alos

found to fit to a log normal.

Note also that significant particle size variagomith these experimental
parameters is also not expected, as defined by Gasnaly28]. Gamaly identified
that in order to generate a particle size distribution skewed to larger sizes,
considerably higher pressures are required. For example to increase the average
nanoparticle size from that found here by approximately 2 nm requinessupe of
approximately 50 Torr. Such pressures are not experimentally viable as the
expansion of the plasma would be severely hindered. Similarly, in order to achieve
smaller particle sizes, lower pressures would be required. At lower pressures
howeve, the plume does not broaden sufficiently and thssgnificant disparityn
the thin film thicknes®ccurs across the surface. This will be evident as a thick film
in the centre (i.e. directly in line with the plume centre), thinning rapidly toward the
edges. This is an experimental limitation ofPisD and must therefore be

accounted for in order to fabricate continuous films across a substrate.
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4.3.2.Thin film analysis of deposited silicon

The fundamental nature of ablation and the mechanisms invdbied
8,13,26,31,34,38,129,130phve been intensely studied by others. Additionally, the
study of a targets surface folling ablation[131i 135] and short depositions of a
sparsely distribution array of particles upon a surfi@dc20,27,136]are also well
documented. The resulting growth of a thin film viaPisD upon a substrate is
however not as common in literatuf87,39,137140]. The study ofthin film
surface morphologies and influencing fast in their formation is therefore of

interest to this developing field.
4.3.2.1.SEM characterisation of silicon thin films

Cross sectional secondary electron (SEM imaging of the samples
described inrable4.3 are presented iRigure4.6. These samples were prepared for
SEM in the manner describeddhapter3. Each image is acquired from the centre
of the respective thin film by snapping the film through the centre o$ubstrate
and then directing the microscope accordingiynie samples presentedfigure4.6
represent the observed differences in the material cross section adalaser
fluence of 2.0 Jcffy but varying substrate temperature and the gaseous environment.
The observations of sampld’0in Figure4.6 (a) in relation to the distssions in
section2.2.2 pertaining to fabrication in a vacuum are of importance for thin film
fabrication by fsPLD [4,34,35] The surface features identified for this sample
suggests a tremendous increase in the amount of material delivered to the centre of
the substrate. This is duettee lack of lateral expansidaor the plasma plume. This
is plainly seen in comparison 1d°70Arin Figure4.6 (b) fabricated under identical

conditionsbut fora dilute 70 mTorr Ar atmosphere.

It is also noticeable that the surfacel®&f70Arin Figure4.6 (b) has a rather
cauliflowerlike topography. This is undesirable in a thin film due to the
incompatibility with electrical contacts in addition to significant losses for photonic
applications. It is foundhtat these features can be significantly reduced by the
inclusion of a small concentration of,Hn the gaseous environment during
fabrication. Similarly, fabrication in a 20 mTorr atmosphere is also found to reduce
the clustering of depositing materiaP reduction in the pressure is understood to
decrease the number of collisions during the propagation of the plasma phase from

the target surface. The increase in collisions thus reduces the kinetic energy of the
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propagating plasma phas With increaseg@ressure (300 mTorr) as with1P120Ar

in Figure4.6 (i) a significant reduction in the amount of material deposited upon the
surface is observed at the 70 mm targesubstrate distance. This is due to the
confinement of the plasma phase to a much smaller volante subsequent
redeposition upon the targeThus if the target to substrate distance was lowered, a
greater film growth rate would be observed. The depdsitea would also shrink
however, in a similar manner to fabrication at very low pressures. From these
observations, it is therefore clear that the control of the particle size via the
adjustment of the gas pressure, as proposed by G42g]lys unrealistic for the

fabrication of thin films.
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Figure 4.6. SE SEM cross sectional images of (8PQ (b) 1P70Ar, (c) 3T20Ar-1,
(d) 3T20H, (e) 3T100H (f) 3T200H (g) 3T200Ar, (h) 3T20Ar-2 and (i)
1P120Ar
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The inclusion of small concentrations of i the background gas is also
found to reduce the clustering of the depositing particles, although this only
becomes apparent at higher temperatures. Notice the distinct siesl@etween
the cross sectional image ®T20Ar-1 and3T20Hin Figure4.6 (c) and (d), where a
similar level of clustering and porosity is visible. As the temperature is increased to
100 °C in (e) then to 200 °C for (f), a distinct reduction in porosity and surfac
roughness is visible for fabrication in a 4% iH Ar gas environment. Fabrication
under identical conditions at 200 °C &F200Arin Ar gas is depicted ifigure4.6

(9), significant porosity is1oweverstill clear.

Alternate fabrication techniques, such as variants of CVD demonstrate
considerable less porosity for the fabrication of silicon thin films for optoelectronic
applications[141]. The wellestablished manufacturing processes associated with

CVD offer considerable adntage over #°LD in this regard.

The effect of temperature in creating more favourable deposition conditions
for thin film growth can be plainly understood. At higher temperatures, the
depositing particles are given sufficient energy to reform upersurface, thus the

surface appears smoother and the porosity decreases to reduce surface energy.
4.3.2.2.Raman spectroscopy of amorphous and crystalline silicon material

As discussed in relation the TEM analysis of the sulmonolayer samples,
electron micoscopy may not always convey rapresentative view of a given
sampl es mi c-Ramarn speatmscamaneprovide additional data to better
describe a materialThe Raman characterisation made for a selection of samples
fabricated in 4% Klin Ar described inTable4.4 are provided irFigure4.7. These
samples were fabrioad due to the greater applicability to photonic and electronic

applications based upon observationseantion4.3.2.1

Figure 4.7 outlines several key features related to the deposition of silicon
material by fsPLD, but also with regard to the characterisation of silicon by Raman
spectroscopy. Additionallyrigure4.8 andFigure4.9 provide the Raman spectra of
multiple areas of sample3T100A and 3T200Ar, recall that these samples are

fabricated in an Ar atmospheaéelevated temperatures

Silicon materials produce very distinctive Raman shifts in a given spectrum
The Raman spectrum of singteystalline silicon, for example, is often usas a

reference for calibrationThe zerecentre ono honon mode of sil i
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is the lattice vibration corresponding to the Brillouin zone ceals® denoted . I n
bulk single crystalline silicon, this is centred a621 cm' and has @ intense
characteristic Lorentzian lineshaet2]. If the silicon should be in an amorphous
state, this mode will have a Gaussian lineshape, ceatragproximatelyt80 cm'

[143]. This allows one to define the silicbringeithe in anamorphous, crystalline

or mixed phase.

For silicon in acrystalline or mixed phasevherethe crystallite size is below
the Bohr exciton radius of silicon (i.e. 9.5 nm diameter), a characteristghiidn
t h gpeakis be observedl44]. Measurements of these shifts can be uséufd¢o
the average particle size tife material[145]. One musthoweverhave detailed
knowledge of the stresses upon the mat¢ti4b], specifically the nanocrystallites.
Much like the Scherrer equation used for XRD analysis, stresses upon
nanocrystallites can induce additional changes in the characteristic Raman peak
centre. Without prior knowledge of such factors, considerable errors can occur in
the interpretation of the resultfl47]. A similar principle applies to the
interpretation ofa ratio of the amorphous and crystalline fraction in a given
spectruni148].

Due to the lack of knowledge regarding stresses on the Si particles, it is
impossible to accurately interpret the amorphous totaltyse ratio oraverage
particle size¢hrough Raman spectroscop®ne can however disregard these factors
simply to provide a qualitative interpretation of crystalline and amorphous phases in
a given spectrum. This is unfortunate, however direct interpretation is not necessary
due to an incomplete view of the natwkthe plasma plume. Alterations to the
plasma plume, evident through situ analysis of the plume fluorescence, would
provide a greater insight into the defining factors influencing crystallisatidns
would include the temperature of the deposifiagticles[3] which currently cannot
be defined, as well as their velocii49]. As noted insection2.2.], the intense
temperatures that the plasma plume is likely to bJaupon impacting onto the
silica substrate would result in an extremely rapid thermal quenching process. Such
events are found to favour therfimation of amorphous phases, howevttrershave

observed nanocrystalline material under a similar prdd&€s.
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The overall indication from the Raman spectra presentédyure4.7 is that
themaj ority of the materi al is fouwgid i n a
observed when analysing multiple areas of a sample, however these appear to be
random in natureThere is however a general trend to increased amorphisation with
increases irthe fabrication temperature as well as deposition in an dilute hydrogen
atmosphere The logical approach to quantify such factors is to conduyX
diffraction (XRD) studies. Following several long (>8 hours) scans however, no
crystalline peaks couldebidentified. This indicates that the crystalline fraction is
below the threshold for detection by XRD.

Evidence of laser induced crystallisation during Raman spectroscopy is also
identified. Figured.7( a) demonstrates an increase i |
peak when 26 mW of | aser power is wused
This peak is then found to be more intense relative to the init@h svhen
conducted on the same spot at 13 mW laser po@mW was identified as safe as
it does not cause any alterations to the Raman spectra compared to observations at
lower laser energies. This was determined by conducting several scans of the same
area at different laser powers. 13 mW was determined to be the highest laser power
before the onset of laser induced crystallisatiofrigure 4.7 (c) of 1T50H
demonstrates that this effect is not always as severe aslWibH Repeated
acquisitions following 20 second exposure times to 26 mW of laser power is found
to result in negligible crystallisation. However, long exposure times are sufficient to
inducecrystallisation. The 5 minute exposure time used prior to acquiring scan 5 of
Figure4.7 (c) is typical of a short scan using Raman spectroscopy. A similar trend
in laserinduced crystallinity is also identified fa&T200Hand1T300Hin Figure4.7
(d) and (e).

Evidence of Hbonding in the silicon thin films is also evidencky the
small cluster of weak peaks between 2000 and 225Y[tE1]. This suggests that
there is an interdion between the deposited material and the background gas. What
remains uncertain is whether these interactions occur after deposition or in the
plasma phase. Due to the extreme temperatures of the plasmg3pl{ad€00°C),
the formation of Hbonds would be highly unlikely. Chemical interactions between
the plasma phase and the background gas is also contested by[28her§hus
hydrogen bonding likely occurs on the deposited material. Notice the absence of
these peaks in the spectra 8Ir100Arand 3T200Arin Figure4.8, Figure4.9. The
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relative intensity of these hydrogen related peaks are however very low, this
suggests that donding is not as extensigempared to other fabrication techniques
[152].

Observations of crystallinity are evidenced through example spectra of
1T50HIin Figure4.7 (b) and for3T100Arand3T200Arin Figure4.8 andFigure4.9.
Due to the random distribution of this crytaty, no clear mechanism to induce
crystallisation has yet been identified. This would suggest that achieving high levels
of crystallinity for a sample requires either high substrate temperatures, or another,
as yet unidentified mechanism. This redudke applicability of this fabrication
technique for electronic devicgs53]. The low conductivity of amorphous silicon
has hindered the applicability of devices based upon this matergdrdiess of
other favourable attributes, such as rare earth dd@8lg The low Hbondng in
the samples presented Figure4.7 may be improved by higher,Htoncentrations,

however this was not pursued.
4.3.2.3.Characterisation of the optical bandgap of deposited silicon thin films

Due to the nanoparticulatend relative mixeé phasenature of thehin films,
transmission spectroscopy can be of useuantify the optical bandgap of these
materials. As described ection3.2.2 a Taucplot of the absorption spectrum
[154] for a silicon thin film carprovideits optical bandgapEy,. This quantityis of
great interest for defining the particulate nature a given material and its electronic
states. Moreover, the observation of shift€,,: from that of bulk crystalline or
amorphous silicon correspontb associatedquantum confinement and other
associated mechanisrfib4i 160].

Samples described inTable 4.5 were characterised by transmission
spectroscopy. The resulting transmission spectrum was then related to their
observed thicknesses in the manner describsgd¢tion3.2.2s0 as to form a Tauc
plot. The resulting data is presentedFigure 4.10 for the samples eposited at
5mTorr andFigure 4.11 for those deposited at 20 mTorr, both in 4%ii Ar.

These figures include the linear fits which have been continued te-ititercept

where the precisedf can be recorded.
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A clear continuity is observed for the samples deposited at eitber2d
mTorr in a H/Ar atmosphere with respect to laser energy. This is in agreement with
literature in that the laser fluence is the primary means of dictating the nature of the
deposited materid3,27,129] Similarly, no alteration is expected for the average
particle sizeas identifiedin section4.3.1 The observed Tauc plot lineshape for
these samples is thallmination of the effects of the amorphous phase as well as
any crystalline material. Crystalline silicon at particle sizes below the Bohr exciton
radius experience quantum confinement effects which results in an associated
increase in the bandgap of tmeaterial [155,158,161] This expansion in the
bandgap is interpreted through thg.E Amorphous silicon is known to have a wide
bandgap between 1.7 and 2.1 @862], thus the By recorded for these spectra are
primarily attributedd ncSi.
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The correlation between the observeg: Bnd the laser fluence suggests the
fluence may baitilisedto engineer the nanocrystallite size. From previous sections
however, this may not be significant, because without the ability to create a
coninuous coverage of the crystallitasrossthe surface, this cannot be used for
device fabrication. For application into photovoltaics for examiblese materials
would demonstrat@oor electrical activitythus reducing theiapplicability. The
high cacentration of amorphous silicon nanoparticles also creates large numbers of
scattering centres as well as defect states which also have negative impacts upon a

materials photoconductivity.

4.3.2.4.Attempts to electrically characterise multilayered thin filmsdevice

architectures

The original goal of this thesis was the fabrication of multilayered silieen p
n structures aimed at photovoltaic devices. Attempts were made in this pursuit by
the fabrication of a number of samples to be tested as part of a nevelpmkd
collaboration with a photovoltaic research group at Sheffield Hdllamersity. An
example of the sample architecture is depictedFigure 4.12. The samples
fabricated included a range of different architectures involving thickness of each
layer as well as those doped or undoped with the rare earth elenfénty¥* was
used as aneans to study possible energy transfer processes between the rare earth
ion and Si, thus expanding the absorption window of a possible silicon photovoltaic
device Additionally, samples fabricated at varying temperature were also produced

in accordance ith the observations made in sect#f3.2.1
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Al electrode
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Sior Si: Yb 500 nm
Si: As 250 nm
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Si0, Glass

]

Xe-arc lamp light source

Figure 4.12. Device architecture for photovoltaic samples

Following fabrication, the surface of each sample was sputter coated with
aluminium electrodes and electrically characterised. No measurable electrical
activity could be detected from any sample tesfElis included testing to see if the
the material was condtive from an Alelectrode to exposed FTO. This was
identified for each sample on multiple electrode spéts.will become clear in the
ensuing chapters of this thesis, the likely cause of this effect is the modification of
the FTO surface coating to ord# increased resistivity For room temperature
experiments, this most likely occurred via subplantation of the FTO by the
depositing silicon[163]. Upon acquisition of these results, the direction o th
thesis was altered to its current state. This section is therefore included for

completeness, but also to highlight the redirection of the thesis.

In comparison to other more established techniques for the production of thin
film silicon photovoltaics, such as CVD,-BLD cannot competd164i 167]
Although the inclusion ofare earths is novel and would not be possible through
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CVD, the lack of electrical activity negates this advantage, confining it to purely

optical applications.
4.3.3.Characterisation of Tm**-doped silicon thin films

As defined in literature, an increase iretlaser fluence for a femtosecond
laser pulse will increase the depth at which ablation occurs [28in An increase
in the depth oWaporisation coupled with the inherently porous nature of a pressed
powder pellet could encourage the formation of lanthadaged silicon particleto
be ablated from the surface. Due to the distinct chemical similarity between
lanthanide iong168i 172] this can be generalised to encompassaaét earth ions
It should be noted however that rare earth dopants amorphise the silicon lattice, thus
are not expected to exist in crystalline parti¢e$]. The only incidence where the
rare earth doped silicon may crystalliseupon the formation of rare earth silicides

which are not favourable for fluorescence characteriitd 73]

The samples which were fabricated for discussion in this section are defined
in Table4.7. All except one sample was fabricated from pressed powder pellet
targets over the course of a 4 hour depositi@mple 6Tm10Ar was fabricated
over a 6 hour periodby alternating 1 minute dations from a two target
arrangement. This included a mixed pressed powder pellet of 10 moj@y TnSi
and a single crystalline Si wafer, as used in previous sectiombis sample is
labelled 6TM10Ar and was fabricated tassess anylifferencesin the spectral
features resulting froman increased probability of energy transfer from
neighbouring silicon nanoparticulates. Nanoparticles of Si are found to absorb 808
nm very strongly, thus energy transfer is considered a possibilie sample is
depasited at room temperature to maximise the crystallinity of the sample and thus

favour energy transfer.

As described irsection3.1.1 the modifications to the peed powder pellet
target surfaces strongly deters the fabrication of samples in excess of 4 hours in

duration.

As expected, the fabricated tHiims are found to be structurally identical to
undoped silicon thin films shown f&Tm10Arin Figure4.13. From this figure, the
thickness of6Tm10Arwas deter mined to be 0.8 em t
decreased porosity and surface roughness described in the previous section are not

implemented for thesesamples as repeated attempts at elevated substrate
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temperatures produced no rare edldbrescence This is likely because sufficient
energy is available for the lanthanide ions to clustere depositedhus quenching

thefluorescence

Figure 4.13. Cross sectional SEEM image of sampl6Tm10Ar. The thickness is
determined to be 0.8 &m

The thin films were intensely analysed for their aption spectra, as
described in sectio.2.2 however no learacteristic peaks could letected This
is to be expected due to the significantly low lanthanide composition by volume in
the submicrorthick films. Due to a lack of absorption data, full characterisation of
the lanthanides by way aftandardJuddOffelt calculations cannot be conducted.
Due to the only possible fluorescence from silicon between 700 to 8(07diand
no absorption in the mithfrared region, no interference is expected for thé Tm
%r, ¥ *Hg fluorescence. As noted in the introduction, thiEnsparency regiois

one of the desirable characteristics of silicon as a host material.

Room temperature fluorescence spectroscopy of sasipi 0Arfor the®F,
Y 3Hg transition of Trﬁ*-dopants when excited with an 808 nm laser diode is
presented irFigure4.14. The peak emission, as depictadhe figure, is found to
be2043 nm witha FWHM of 164 m and associated | ifeti me
from the ekcay profile in the inset dfigure4.14[137].
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Figure 4.14. Room temperature photoluminescence spectrum of TR, Y >He
transitionfrom samplesTm10Arcomposed of a 560 mix of Si and 1@nol%
Tm,O3 in Si (further described in the text)nset shows thi#uorescencelecay
profile of this transitiorat 2043 nm

Sample4dTm1Ar, 4Tm2Ar, 4Tm3Ar and an undoped sample matching the
fabrication parameters4TmOAr, were also characterised for room®mperature
fluorescence spectroscopy and are presentegjure4.15. The spectral features of
these samples including the peak position, FWHM and the room temperature
lifetimes are presented Trable4.9.

Table 4.9. Table comparing the spectral featureshef Tni™: °F, ¥ >Hs transition
in sampleSTM10Ar, 4Tm1Ar, ATm2Arand4Tm3Ar

Sample ID Peak position(nm) FWHM (nm) Lifetime (¢ ¥
6Tm10Ar 2043 164 250
4Tm1Ar 2034 210 260
4Tm2Ar 2033 211 255
4Tm3Ar 2034 198 254
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The observeghotoluminescence lineshape for all samples thus far presented
for Tm** doping appear inhomogenously broadened. There are however slight
shoulders on the lower wavelength region of these spectra. Specifically they appear
around 1800 and 1900 nm. The nature of thesepsaks may be elucidated
through a repeat observationleawer temperatures. A reduction in the temperature
of the material would thus reduce the Stark level splitting of a given energy level.
For a crystalline or polycrystalline material, this is seen as a reduction in the FWHM
of the photoluminescence spet lines. In disordered materials, observations at
lower temperatures simply results in a reduction of the FWHM of the
inhomogeneously broaden#@dorescence Thus if greater clarity emerges for these

emission shoulders, it would suggests somt@Tm**-ions are in crystalline sites.

To study this, the sampldd'm1Ar and4Tm3Ar were cooled to 77 Kising
liquid nitrogenand studied for their photoluminescence properties. Incremental
temperature photoluminescence measurements then acquired, witlpa@odieg
fluorescencdifetime measurements. Collective photoluminescence spectrums at
these incremental temperatures #ofrm1Ar are presented ifrigure 4.16, while
those fordTm3Ar are inFigure4.17. The intensity of the 1855 nm peak for both
samples became too weak at 250 K to acquire a clear decay profile, thus
measurements aanly reported up to here. There are associated losses due to the
additional windowsof the cryostahousing. This reduces the intensity of the
already weak emission signaReductions irthe signal intensity relative to those
made in ambientonditionsin Figure4.15 are therefore expected. = The recorded
fluorescencalecay profiles oATm1Ar and4Tm3Ar at 77 and 250 K are provided
in Figure4.18. All fluorescencdifetime measurements are then presented in the

Figure4.19to demonstratestconsistency over the temperature range.
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Figure 4.15. Room temperature photoluminescence spectrum of th&: PRmY
*He transitionfor 0, 1, 2, 3 mol% Tm#doped Si thin fimsvhen excited with
an 808 nmaser diode.
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Figure 4.16. Photoluminescence spectrum of the *TnfF,Y 3Hs transition in
4Tm1Ar (1 mol% Tmk in Si) at incremental temperatures from 770k300 K
when excited witlan 808 nm laser diode



-73-

{——77x
—— 100K
150K]

Intensity (A.U.)

1700 : 1800 ' 1900 ' 2000 : 2100
Wavelength (nm)
Figure 4.17. Photoluminescence spectrum of the *fnfF,Y 3Hs transition in

4Tm3Ar (3 mol% Tmk in Si) at incremental temperatures from 770k300 K
when excited witlan 808 nm laser diode
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Figure 4.19. Collected fluorescencelifetime measurementat 1855 nmfor the
Tm>": 3F,Y 3Hgtransition ind Tm1Arand4Tm3Ar between 77 K and 250 K

Figure 4.16 and Figure 4.17 for the incremental temperature
photoluminescenceof 4Tml1Ar and 4Tm3Ar, respectively, demonstrates a
distinctive change in the emission characteristics with respect to temperature. There
is also an increase in themissionintensity beyond 2050 nm for observations at
lower temperatures. This is interpreted as instrumental interference as the sensitivity
of the detector depreciates from here. This was the topic of much debate during
analysisas the spectral features for this region very closely resembled what one
would expect for vibronic transitiorj89,175,176] For this reasqrextensive work
was done to describe the observed photoluminescence as such, where a manuscript
was prepared for submission. This was unfortunate, however it remains that the
emergence of the peak fluorescence centred at 2034 nm has a clear temperature
dependence. This may be understood as a temperature dependent energy transfer
mechanism, such as for Hfoped crystalline silicon materials studied by others
[75,177}) These materials, as describedsection2.4.1 suffer greatly from a
temperature dependent energy backtransfer mechanism between states within
silicons bandgap and tH#:3, manifold of EF*-dopants[178]. For the current
system, the bandgap of silicon can be expected to be larger than that of single

crystalline silicon based upon the Taplots presented in sectidn3.2.3 Expected
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defect states however could result in this energy backtransfer process, especially if
the lanthanides 5dtates ardhybridized with that of silicons conduction electrons
[179].

As defined in sectiod.3.2.3 the B of the deposited silicon material is near
resonance with 808 nm (1.53 eV), thus an efficient energy transfer process may
occur between the Si host and the*faslopants This can beisualized fronFigure
2.1. The available energy due to temperature at 77 K equates to 6.6 meV, up to 25.8
meV at 300 K which could be used to facilitate an energyster process between
the host and the rare earth. This is suggestive of an energy transfer process resulting
in a significant reeshift in the luminescence spectrum of rons. This may be
guantified by electron paramagnetic resonance as well ap-deel transient
spectroscopiB2].

4.3.3.1.Determination of Tm*" composition through TEM analysis

In order to quantify the concentration of ¥huopants in the deposited
silicon thin films, the samplé6Tm10Ar was mechanically removed from its
substrate and analysed by TEM as described in se®tBh.1 A series of images
were collected of theamples and are presentedrigure4.20. EDX analysis of the

illustrated areasfdrigure4.20 are also quantified ifiable4.10.



Figure 4.20. TEM images of samplé Tm10Ar after it was mechanically removed
from its substrate(a) Image of a large section of the material from which (b)
to (f) were acquired. Corresponding compositional EDX measurements are
provided inTable4.10
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Table 4.10. Table of the compositional EDX data acquired from points across the
surface o6 TM10AY, illustratedin Figure4.20.

Element ID | EDX 1 EDX 2 EDX 3 EDX 4 EDX5
(at%) (at%) (at%) (at%) (at%)

Si 92.0 77.0 85.2 90.9 91.3

m 8.0 23.0 14.8 9.1 8.7

The compositional analysis acquired through EDX spectroscopy provided in
Table4.10 demonstrates considerable local fluctuations across the material. This is
particularly clear for the point EDX 2. The data describedTable 4.10 was
acquired from areas approximately 5 nm wide, in order to test larger areas, this
Over 10
separate areas from different clusters distributed across the TEM grid, an average

collection regim was then expanded to approximately 50 nm wide.

composition of 92.1 at% and 7.9 at%0.6 at% was identified for Si and Tm
respectively. Therefore, a localisedistering of Tni*-dopants is apparent on the
nanoscale, however on a larger scale, the actual concentration can be approximated
to 8 at%.

Concentration quenching due tdig high concentration and localised
clustering carthereforeexplain the shorteningf the fluorescence decay lifetime

relative to similar systems and weak emission signal.
4.3.3.2.Laser micromachining of surface channel waveguides

The fabrication of surface channel waveguigess conducted using a-re
orientation of the femtosecond pulsed laser beam normal to the surface, as described
in section3.1.3 Using a variety of laser powers ananslation speeds, one can thus
deduce the optimum working conditions for the fabrication of surface channel
waveguides. This technique was applied to a section of the s&hpi&0Ar to
optimise the machining parameters and thus produce a surface Icwaneguide
structure. The primary advantages to usingNkis that it is a maskless technique
which does not require the use of a clean room to operate. As descrassdiom
2.2.1, the ablation process occurs Atrermally, thus resulting in very little damage

to material outside of the focal point. This principle has been observed and



-78 -

guantified by others, demonstrating a very limited influence upon suriraur®i
material so long as certain laser thresholds are not excged(§d

Figure 4.21 provides 4 examples of differing laser energies applied to the
surface and at different sample translation speeds. This provides a qualitative
assessment of the stgall quality of each lsannel.

At laser fluences below the threshold for ablation, a sintering process occurs,
as withFigure4.21 (a), thus showing only surface modification. It is interesting to
note that the direction of the oOripple
direction of polarisation of the lasgt81]. The side walls oFigure4.21 (c) and (d)
appear extremely rough. This can be understood through the Gaussian profile of the
laser pulse. The intensity of the extremities of the beasfilgorare considerably
lower than at the centre, thus at high laser energies, or slower translation speeds
sufficient energy is delivered to the edges to induce phase changes in the material.
These effects can cause significant alterations to the sitke asseen in the figure.

Such features are highly undesirable as they would result in signifossasl in the
propagating light.

Figure 4.21. SEESEM images of channeisn s cr i bed usi ng (
and 2 mm/s translation speed; (b) 1.
speed; (c) 2.0 €J |l aser energy and
energy and 1 mm/s translation speed
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Figure4.21 (b) demonstrates a considerable reduction in the sintering of the
side wall material, whilst a clear channel has been ablated from the surface of
6Tm10Ar. Based upon these sdrvations, this channel was characterised by atomic
force microscopy (AFM) using an Agilent Technologies 5420 AFM. Additionally, a
fibore coupled 1550 nm laser (Agilent 81640A) was used to characterise the
waveguides mode propagation. These are depictéidure4.22 andFigure4.23.

Figure 4.22. 3D-AFM image of the waveguide depicted #rigure 4.21(b),
measuring 15 -aaxm sacrreoasdss (1t heem/zdi vi si on)
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Figure 4.23. 1550 nm output mode profile observed from the waveguide. The
Gaussian line shape of theandy-axis are representative of intensity.

The observation of &aussiarmode profile demonstrates the applicability of
fs-LM to films produced by f°LD. This was the first time these two techniques
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had been combined, and thus demonstrates that anladieisfabricated waveguide
structure is possible. Due to the high degree of porosity eviden¢egure4.13in
addition to the end facets not being properly proekssenificant losses are
expected. These may be reduced however by refining the initial deposition
technique, as in sectioh3.2.1 Recall, deposition at highéemperatures and in a

dilute 4%H in Ar gas was found to reduce both surface roughness and porosity.

The highly undesirable material properties observed for these samples
however suggests that an-tllaser fabricated waveguide system would not offer
advantage over more established technii®2]. As identified in earlier sections,
the quality of the silicon thin films could not be improved beyond that achievable
through alternate fabrication techniques. This is also true for waveguide fabrication,
whereby far more functionality can be incorgerh to better suited fabrication
technique$183].

4.3.4.0Optical characterisation of Er**-doped silicon thin films

Er*-dopantsare used to further elpe the fluorescence characteristics of
lanthanide doped silicon thin films fabricated byPiisD. The observed reshifting
of the Tn": °F4 Y °Hs fluorescence spectrum suggested significant influences from
the ligand environment and a possible energgidfer mechanism. Influences from
the ligand environment can be attributed to a perturbation on#sectfonorbitals
The Tnt": ®F, Y 3He transition is howevedefined as an induced electric dipole
transition and hypersensitive, i.e. subject to elisible influences in the 4f
manifolds Stark levels and relative-4f transition intensities. The Br %13, Y
*l,5/, decay however has a mainly magnetic dipole transition character. Such
transitions are far less sensitive to their environment ansd the lineshape and
spectral intensity are often found to be invariant for a variety of hosts. The minor
electricdipole character however demonstrates some sensitivity to the environment

which has been observed under certain condifib84].

In the current fabrication regime, the>Eions would thus be subject to
guantum confinement in nanoparticulate silicon as well idsomogeneous
broadening due to the range of dipelevironments Two samples4F0.59Er1Ar
and 4F1.47ErlAr were deposited onto fussdica substrates using 0.26d 1.47
Jem? laser fluence, respectively, from individual pressed powder pellet targets of Si

mixed with 1 mol% EOa. Erff*-ions are known tosuffer from concentration
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guenchind185] and there is no associated crosxation mechanism, thus a lower
concentration was utilised in reference to the®Tistudy. The samples were
characterised bylforescence spectroscopy when excited to'tthe manifold with

a fibre coupled 84 nm laser diode. Th#,1,, manifold has a very short associated
lifetime and thus decays rapidly to tfies, state before decaying to tAies, state.

The observeduorescence was studied in the 1400 to 1700 nm range using the NIR
PMT detector. The observed fluorescence faummtescencdifetime data associated
with these samples is presentedFigure 4.24 and Figure 4.25 respectively. As
indicated by the inset dfigure4.24, the spectral lineshape of this transitiofoisnd

to be neaidentical for both samples. This suggests thadt-&opants are in very
similar local environments for both samples. The distinctive difference in the
spectral features of this emission profile to the same in other host materialssuch a
oxidised silicon fabricated by f2LD [186] or indeed amorphous silicdd53] is

however compelling.

This suggests that there may be additional perturbations upon-éhecttbn
cloud which are not observed in similar systems. The untiswaéscencespectra
of Tm*": 3F, ¥ 3He reportedin section4.3.3which is considerably more sensitive to
the local environment agrees with tlassertion The decreased spectral intensity
for sample4F0.59Er1Arrelative to4F1.47erlArmay be suggestive dither a
greater abundance of deposited material or a higher yield of optically active centres.
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Figure 4.24. Room temperature photoluminescenufethe EF: Yl Y Y5
transition for samples4F0.59Er1Ar and 4F1.47ErlAr fabricated from
individual pressed powder pellets of 1 moEfO; in Si. Inset shows an
intensity normalised spectrum of the same emission spectra.
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Figure 4.25. Fluorescence etay profiles for the Bf: Y130 Y “155, transition for
sampleqga) 4F0.59Er1Arand(b) 4F1.47Erl1Arat room temperature

In order to better resolve the spectral features of this transition, low
temperature photoluminescence measurements were conductéd.diErlArand

are reported ifrigure4.26.

The reduction in the FWHM of the spectral lines at 77 K is observed, due to
the narrowing of the Stark levels of the*Emanifolds This is accompanied by a

slight shift in the primary peak centre as the temperature is raised. This shié i
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to the increased number of transitions occurring from lower Stark levels in the

excited state to the ground level.
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Figure 4.26. Room temperature(red) and 77 K (purple) photoluminescence
spectrums for the Bt %1z Y “lisp for sample4F1.47ErlAr The peak
centres are marked to indicate the-sbift due increased temperature.

There are two primary influences upon the fluorescence spectra of’the Er
ions and thusvhy they do not match with that of Erdoped amorphous silicon.
One is that the coordinating ligands may be oxygen, thus the perturbation upon the
4f-manifolds of Ef* are different. Alternatively, quantum confinement of the
dopants within an amorphoudli®n nanoparticle may be resulting in additional

perturbations upon the various manifolds.
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4.4.Conclusions

The fabrication of silicon thin films and rare earth ¢frand EF*) doped
silicon thin films upon inexpensive fused silica substrate$ebytosecond pulsed
laser deposition is demonstrated. These materials are characterised both optically
and structurally. It is found that the thin film morphology can be influenced by
raising the substrate temperattwe200 °C in a dilute 4% Hn Ar gasatmosphere
The degree of crystallinity within these materials however is found to be randomly
distributed, as identified through Raman spectroscopy. This severely limits their
applicability for devices as has been experienced by amorphous silicofirttan
fabricated by other means.

Photovoltaic devices were also fabricated, however the electrical properties
were found to be severely hindered by a subplantation process occurring during the
initial stages of the fabrication. This resulted in a ldsslectrical activity due to
the extensive damage to the transparent conductive FTO layer.

Rare earth doped silicon thin films have been fabricated for the first time by
femtosecond pulsed laser deposition. Photoluminescence of tfie *FmY *He
andthe EF*: “113» Y “l1152 transitions are observed across a range of temperatures.
Tm**-emission is found to have a distinct temperature dependency, indicative of an
energy transfer process. The local environment of these dopants however remains
unclearas standarduddOffelt calculationsare notpossible due to the lack of

absorption data.

Surface channel waveguides have also been fabricated front*a doped
silicon thin film. The machining parameters have been refined so as to optimise the
side wal quality of the waveguide structures These were found t
energy with a 2 mm/s translation speell 1550 nm laser was launched through the
optimised waveguide and an output was detected. This was deemed to have a high
loss factor dued the porosity andabundance ofyrain boundaries which act as
scattering centresDirection to improve this hdseen provided, yet it is not believed
this methodology would be competitive with conventional routes. Higher
temperaturesiuring fsPLD would likely cause undesirable interactions wiikte
silica substrate. As will be seen in subsequent chapters, this would likely result in a

graded refractive index, leading to further losses.
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Chapter 5.
Femtosecond pulsed laser assisted surface modification dfcgin

substrates |: 30 to 60 minute ablations

This chapter describes the use of femtosecond pulsed laser generated plasma
from a TZN glasdor the rapid growth of surface and subsurface crystallites on a
silicon substrate. Xay diffraction in conjunctionvith Raman spectroscopy reveals
both ZnTe and Te nanocrystallites the subsurface of the substrateSombined
with crosssectional SEMand topdown backscattered SElhalysis, it is therefore
concluded that these crystallites are found in a sedimelatgey in the substace

of the silicon substrate

5.1.Introduction

Femtosecond pulsed laser depositionRED) technique has long been
studied for theablation of a target materia[1,2,32,36] Similarly, the ablated
material is studied for its coposition and particleature[27,38], and occasionally
the growth of thin films[39,140,187] This current direction of research has
discovered some of the key aspects of the ablation mechanisms as well as the nature
of the plasma phasg8]. It would appear ¢wever that no studies have been
dedicated toward the interaction of the plasma phase with a substrate material.

The applicability of fsPLD to the fabrication of devices and applications of
interest to industry is severely lacking, primarily due to mesablished
alternatives. For nan@nd micrefabrication techniques upon a surface, chemical
vapour deposition (CVD) has been widely used for decades to produce thin film
materials and surface coating$88,189] This technique however can require the
use of highly dagerous precursor gasses as well as being limited to singular
reactions for the gasses employ&€0]. The vast array of possible target materials
and background gassasailable tofs-PLD alleviate sucltonstraints. Through the
combination of an appropriate set of precursor materials in the form of the target,
substrate and gaseous environment, one can thus explore the possibility inducing
surface modification and complex chemical interactiamsa high temperature

environment Thus it may be possible to driveeactionsand thereforedevelop a
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novel direction for femtosecond pulsed laser based fabricatrmh materials

engineeringechniques.

This chapter thus introduces the concept of modifying tinfase of a silicon
substrate through the use of a tellurite glass t463¢t Thisglassis selected due to
the array of semiconductor materials which may form through such interactions,
such as ZnTe, ZnO and,$e3[96,191,192]

5.2.Fabrication parameters

A full description of the experimental procedure adopted for these samples is
provided insection3.1.2 In order to study the proposed surface modification of a
silicon substrate by femtosecond pulsed laser generated plasma a series of samples
based on 30, 60 and 240 minute fabrication times were chosen. This does not
include the length of time required during the cooling process descritssttion
3.1.2 This section is dedicated to the study of the 30 minute fabricatias,tim
while 60 minutes is discussed in the next section and 240 minutes in subsequent
chapters. In this manner, the evolution of the materials can be characterised and
discussed and a greater understanding of the layer growth can be gained as a result.
For this purpose, a series of samples were fabricated for short durdliess;are
D30-1, D302, D60-1 and D662.

As detailed inTable5.1, the deposition times are the only variables in these
samples The fixed experimental parameters are definedable 5.2 while the
different target materials used for experimentation are providdalie 5.3. The
selection of the experimental parameters used for the sampledl®5.1 is based
upon experimentabbservationsiot provided here As will be discussed inhapter
5, high substrate temperatures are required in order to initiate implantation. At
lower temperatures, implantation into the substrate decreases and appears as
deposi tidlaser enefgPwas sélected due to preliminary investigations at
highe r and | ower energi es. Hi gh | aser el
formed film to delaminate from the surface, too low and the plasma phase will have
insufficient energy to penetrate the surfacéhe Ar gas is used to drive oxygen
deprivation in tle vacuum chamber which has interesting consequences for the

material interactions, as will be seen in secidh3.4
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Table 5.1. Table of the key variables in the fabrication of samples discussed in this

chapter.
Sample | Laser Temperature | Gas | Duration Target Substrate
ID energy | (°C) type | (minutes) | material
(eJ)

D302 |50 570 Ar 30 GO Silicon

D301 |50 570 Ar 30 GO Silicon

D601 |50 570 Ar 60 GO Silicon

D602 |50 570 Ar 60 G2 Silicon

GO0-4 50 20 Ar 30 GO Fused
silicate

Table 5.2. Table of thefixed experimental paramters applied to all samples in this

chapter
Pressure 70 mTorr
Target to substrate distance 70 mm
Target and substrate rotations 20 rpm

Table 5.3 Table of the target materials used in thlerication processncluding key
composition data

Target ID Fabrication Process Composition
GO Standard glass makint TZN (77:10:10) 3 wt%
procedure Tm,yO3

G2 Powder pressed TeO
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5.3.Results and Discussion

5.3.1.Characterisation of starting silicon substrate

For the purposes of a concise discussion, it is prudent to begin with basic
observations of the starting silicon substrate. A sample was prepared whereby the
substrate itself was exposed to all the same treatments as a 4 hour fabricated sample
in Ar gas, except the laser was never used. Henceforth, this sample shall be referred
to as the &6dry rundé sampl e. Such a sar
effects of the processing treatments on the substrate. For this purpose, cross
sectioral and topdown SEVI images were acquired as wall crosssectional TEM
analysis to study the extent of the oxide laged for general observations of the
topography itself This is presented iRigure5.1 andFigure5.2 respectively. In the
TEM analysis provided ifrigure 5.2, the epoxy from the processing stage is still
visible on the i mage. This 1s left i n
surface can be seen, and not a region exposed from thengrprdcessi.e. one in
which the oxide layer may have been ground awdy addition to thisRaman
spectroscopy and -Xay diffraction are used to reaffirm both the chemical

composition as well as the crystallinity of the silicon substratEigure 5.3 and

Figure5.4, respectively.

Figure 5.1. SEESEM images ofa) a cross section of the dryn sampleand (b) a
top down image of its surface
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Figure 5.2. Cross sectional TEM imagéke dry run sample, (a) low magnification
image revealing the interface between the residpakylayer and the silicon
wafer, (b) high magnification image if the interface as well as an inset of the
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oxide layer.
T T T T T v T T T T T
400000 I:521 em’ Raman spectrum |-
1 of dry run sample | 7
350000 - = =
300000 .
= ] ]
. 250000 -
T | ]
£ 200000 - 4
= E 4
2
E 150000 .
100000 ~ i
50000 - J -
0_ T T T T T

T T T T
600 800 1000 1200

Raman Shift (cm™)

T T
200 400
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Figure 5.4. XRD spectrum of dry run sample, corresponding to single crystalline
silicon (ICCD ref: 06027-1402) The sample was analysed with a slight off
set in order t@acquire the crystal peaks as thaferis cut at an ofaxis

From the cross section8E-SEM image inFigure5.1 (a), a continuous and
flat surface is visible with no discernible debris, this too is reflected in theéadop
SE-SEM image inFigure5.1 (b), indicating an ideal surface in which to experiment
with for surface modification.In addition to this, both cross sectional TEM images
reveal the surface layer to be extremely flat and crystalline wihéoe a tin oxide
layer is identified, measured as approximately 90 A thickthe inset oFigure5.2
(b), the (220) crystal plane is identified via the spacings betweelattiee. The
(220) plane is orientated perpendicular to the surface of the substrate, i.e. where it is
cut, suggestg the wafer itself had been cut along the (100) plane, which is typical
for Si processing. This is also indicated by the singular naitiperpendicular to

the [011] direction on the starting Si wafer.

Raman and Xay diffraction analysis also suggest a single crystalline Si
material. The absence of additional peaks in the XRD data is suggestive of a single
crystalline material, wherenly the (111) plane is observed. Raman spectroscopy is
used as a means of complementing this assessment with the observation of an

intense peak at the precise location of single crystalline silic@sj.

The acquisition of this data provides a useful insight into the starting

substrate which will become invaluable throughoud thapter as well as those to
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follow. Using this knowledgea more accurate and informed assessment of the

fabricated samples can commence.

5.3.2.Characterisation of surface modification following 30 minutes of

laser ablation
5.3.2.1.Surface topography characterisation

Secondanelectron scanning electron microsco8ESEM) imagesof the
surface of sample D3D are provided inFigure5.5. These images were acquired
using the LEO 1530 FEGEM with a 15.0 kV accelerating voltage in tineens

orientation for high resolution imaging of secondary electrons.

Figure 5.5. Top-down SESEM images of areas of interest from the surface material
of sampleD30-1, including: (a) a toroid formation, (b) a higher magnification
of the edge of one the toroid depicted in (a), (c) and (d) unknown material
propagating upward
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The toroid formations irFigure 5.5 (a) appear somewhat similar to those
identified by Volkovet at[194] for femtosecond laser generated Ge ions implanted
into Si substrates. In Volka@s findings however, the toroid deposits appear to be a
continuous surface layer, as opposed to the collage of smaller particulates which
make upthose observed fdp30-1, as indicated bysEM analysis irFigure5.5 (b).

It is probable that this due to the surface tension between the surface deposits and
the underlying substrateAs identified earlier ifFigure5.2, a thinSiOy layer on the
surface of the Bton substrate has been identified and for describing surface
tension, and hence wettability, one need only consider the uppermost surface atoms
of a substratg195]. With this in mind, the surface of the substrate can be
considered as a silicaylar for discussing interfacial interactions. Observations by
Da et al [196] identified complete wetting of a silica surface by TZN glass
(75:10:15) above 500 °C. This was studied in gregdidwith respect to variatien

in the contact angle between the TZN deposit and the silica suMdmeze the
contact angle is found to increase with temperature from approximately 375 °C

Due to its significance in this work, it has beeproduced irFigure5.6 [196].
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Figure 5.6. Optical dilatometrystudy of the wetting angle made by TZN on a silica
surface for a heating rate of 3 K/min. Reproduced from refe[é96¢

Although no scke is provided for the particlsize inFigure 5.6, they are
guoted as being part of a macroscopic study, suggesting a larger particle size to the

micronand submicronsized particleebserved for D3d.
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If one consiérs a TZN microparticleon a silica surface, the difference
betweenitsi nt er nal pressure and t Bheuldb@uitenTor r
substantial, relative to that of a macroscopic system. This is expressed in relation to

the surface tensidn, using the wetknown YoungLaplace equatiofil97,198]

)

Ve 1 (5.1)

. 1.
Where R and R are the radii componentd curvature for the respective axef a

particleon a surface.

The relationship expressed iquation 4.1accounts for differences in
pressure between a particle and its surroundings, which is convenient for the present
system,however another highly influential component to be considered is that of
temperature Temperature is known to have a significant impact on the surface
tension, where increases in temperature will result in a decrease in surface tension
This is expresseith the following relationship198]:

s s - (5.2)
W
Where[ is a constant, Jis the critical temperature and n is an empirical factor.
Equationd2suggests t hat paftices, oind duéing falbnipatoo,t i n g
are likely to have the required temperature to induce wetting of the silica surface, as
was found by Deet al [196]. Based upon the aforementioned prifesp one can
envisagetwo possible reasons for the formation of these nanoparticle toroid

collages

(1) A result of the cooling process at the end of the experim€&hé cooling
processis relatively gentleand shouldtherefore allow ample time for the
surface structures to relax;

(2) Rapid thermal quenching of recently deposited materfed has been stated
previously, the effective temperature of particles in the plasma phase close to
a substrate can be in excess of 1000°C, but would rapidly cool to meet the
surface equilibrium temperature of approximately 570 °C.

To better understand this process in relation to temperature, a comparison to
sample G& is considered. G8 was fabricated under the same experimental
parameters aP30-1 except the substrate waslica and waskept at room

temperature throughout. The different substrate for the samples describatnleén
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5.1 (i.e. silica) is not prohibitive for comparison tinis regard, with reference to the

upperoxidised silicon layer indicated #igure5.2 (b).

20x magnification optical images at of the surface®80-1 and G04 are
provided inFigure5.7 (a) and (b) respectivelyFigure5.7 (a) reveals an extensive
surface coating of overlapping toroid deposits, illustrating complete coverage by
these structures. By comparison, the surface o#t Gppears to be made up of
whole particles, many of which can be seen overlapping and thus e@ctiig so
as to coalesce This does not necessarily rule out either of the earlier proposed
hypotreses as to how these toroid structures maydsming. With regards to |2
the relatively lowsubstrate temperature of @0would rapidly coolthe deposing
particles at the same rate BS80-1; however it would have done so to room
temperature instead of 570 °Clhis may suggest that the material on the surface of
D30-1 is molten at 570 °C, a curious observation as tellurite glass becomes molten at

mua higher temperaturg63].

Figure 5.7. Optical microscope images of sampieagnified20x (a) D30-1 and (b)
G0-4

The existence of toroid partilates is somewhat perplexing, where no
supporting examples can be found in the literaturefdortosecond laser ablation
There are however examples from other fabrication methodolodieking spray
drying as an example, donlike toroid micropartites are known to form out of an
agglomeration of silica nanoparticlgk99]. This fabricatbn technique results in a

mixture of toroid and mixed shape microparticles based specifically on the
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experimental parameters. As indicated in the images discussB@0r thus far,

only toroid like surface formations are visible, suggesting that ditleeconditions

are ideal for complete toroid formationtime present experimental conditiaorsthat
these structures are forming on the surface in resporeeitieraction between the
depositing material and the heated substrafgother possibility Wwich must be
ruled out is the influence of the rotations of the subsinagéu. If one considers the
rotation of a droplet on a surface at high angular velod@8], that droplet could
only form an axisymmetric torus if the droplet were over the centre of rotatson
the name suggests. Those far from the centre of rotation would likely form
elongated allantois This is contraidted in the current system by the observation of

toroids across the surface of the substrate and therefore cannot be applied.

To ensure that the observation of toroids is not an anomaly, a second sample
to precisely match the fabrication parametersD80-1 was produced. A 20x
magnified optical image oD30-2 was taken and is presented Higure 5.8,
revealing identical toroid formations to those observedD®0-1. This suggests
that the toroid formations are not anomalous but are a feature of the deposition

process under these experimental parameters.

Figure 5.8. 20x magnified optical microscope image of the sacé of D30-2,
revealing extensive coverage with toroid structures

In addition to the toroid formations on the surfaceD&0-1, there is also
evidence of particulates propagating from the surface, as indicakéguire5.5 (c).

These formations are quite sparsely and randomly distributed across the sample
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surface, however the distinction between these structures and surface contamination
is found where they @ear to be integral to not only the surface deposited layer, but
also the subsurface. This is apparent in the disruption to the surrounding material,
where cracks around the clusters have appeared. These formations can also be seen
in various stages ofedelopment as indicated Figure5.5 (d). These may be early
indications of crystal growth from the substrate but unfortunately cannot be

conclusively linked to longr depositions.
5.3.2.2.Characterisation of ZnTe and Te crystallites

XRD spectrums 0D30-1 andD30-2 are provided irFigure5.9 andFigure
5.10 respectively whereby cubic ZnTe (ICCD reference code:004£-6469, star
quality) and hexagonal Tare fitted to the diffraction peaks(with corresponding
ICCD reference code: 6036-1452; sar quality). The observation of Si, also
labelled (ICCD reference code: €027-1402 star quality, is expected as the
substrate is slightly off axis, but not far enough to entirely remove all traces of the ¢
Si substrate from the XRD patterMote thatthe marked phases are positioned in
accordance with the reference spectra to convey the likeness to the observed
diffraction peaks to the respective phasBall and stick models for cubic ZnTe and
hexagonal Te crystallites produced using the softwarst@liytaker are provided in
Figure5.11 andFigure5.12 respectively, to assist in discussions. It should be noted
that the atomic structure of hexagonal Te is comprised of chains of covalently
bonded Te atoms along thearis, loosely bound to adjacent chains by van der
Waals forces[201]. Knowledge of this structure will become important in

subsequent Raman analysis.
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1.0 e —— D30-1
- - Te- 00-036-1452
= v ZnTe - 04-012-6469
sl T - Si-00-027-1402

Normalised Diffracted X-ray intensity (A.U.)

Angle (°20)

Figure 5.9. X-ray diffraction pattern oD30-1, including the reference patterns for
cubic ZnTe ¢ ) (ICCD ref: 04-012-6469, hexagonal Tea) (ICCD ref: 00-
036-1452 and Si & ) (ICCD ref: 00027-1402)

Figure 5.10. X-ray diffraction pattern oD30-2, including the reference patterns for
cubic ZnTe ¢ ) (ICCD ref: 040126469) and Sig ) (ICCD ref: 06027-1402)































































































































































































































































































































































































































































