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Abstract

This dissertation discusses the synthesis methodkias laser pyrolysis. The theory on laser
pyrolysis has been inferred since 1975, but mssifficient in predicting the products that can
be formed. This is due to the use of a laser, wlgalls to indecisive reaction pathways from
precursor to product. In this work, the laser waugth and power are varied to initiate a
starting point in understanding the complex natofethe laser—precursor interaction, in
addition to studying the resulting nanomaterialt tisaformed by the corresponding laser
pyrolysis parameters. The results are justifieceam linear and nonlinear optical processes,
as well as photophysical and photochemical prosedsgperiments to produce tungsten
trioxide nanowires were conducted, but similar piid could not be achieved, due to the
difficulty in emulating ‘sensitive’ variables su@s gas pressure and flow rates. However, it
was discovered for the first time using this methioat six-sided tungsten oxide “stars” can

be grown.
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Chapter 1

Literature Review

1. Introduction

The focus of this work was to set up the nanosishmethod known as laser pyrolysis, to
synthesize thin films and nanostructures of tungstxide. The method produces
nanomaterials of high quality and purity [1], bytarsecting a laser beam with a chemical
precursor. The motivation for using the laser pys method was the observation of
tungsten trioxide nanowires and nanorods by ouomro 2008 [2]. Tungsten trioxide is a
“smart material” which finds potential applications sensor devices, and nano-sized
tungsten trioxide introduces unique propertiesmabiant conditions [3]. Besides producing
different shaped nanostructures, understandinghef dynamics of the laser—precursor

interaction could reveal the potentials of this meek for producing various nano-materials.

To bring this work into perspective, a review issfficarried out on the field of nanoscience
and nanotechnology, the properties of tungstemitteand the laser pyrolysis method. Then
a detailed look is given to laser—matter interactiehich helps to understand the possible
processes that take place when the laser beanterseoted by the chemical precursor and
forms the crux of this work. The setup and operabbthe instruments used to identify and
characterize the synthesized products is coveratbtail. The laser used to carry out laser
pyrolysis is then introduced and much detail isegito determine all the characteristics of
this laser. A comprehensive analysis is given ef ékperimental setup and shows how the
laser and chemical precursor are brought togetheatry out laser pyrolysis. Finally, the
results obtained from the laser pyrolysis paramsedee given and discussed with respect to
the processes involved in the laser—matter intiemract



1.1 Nanoscience and Nanotechnology

Nanoscience and nanotechnology are exciting arithgugdge fields of research dealing with
the study, synthesis and development of materiale special characteristics. The vast
applications of these materials are of immenseesteand range from nano-electronics and
nano-mechanics, to next generation sensors anthédbeal applications. In South Africa, it
is regarded as an emerging field, with isolatedgats having been carried out in the past
decade. In 2002, the South African Nanotechnolaifyative (SANi) was founded [4]. This
formally introduced nanoscience and nanotechnolag\a research field in South Africa,
providing a network for scientists, engineers amédamics from universities, science

councils and the private sector to interact anthborate on projects.

Nanoscience refers to the study of very tiny streg, having physical dimensions in the
range of tens to hundreds of nanometres’ (@P[5]. Scientists in this area, work with atoms
and molecules rather than bulk materials. When imgrlon the nanometer scale, physical
properties such as quantum mechanical and thernaoggmroperties play an important role.
By studying the individual molecular propertiesyadced nanostructured materials having

new and amazing characteristics, can be synthesised

Nanotechnology is closely related to nanoscienog iamolves the actual manipulation,

application and development of nanometre-sizedcttras for specific technologies and
applications [6]. When the properties of nanostites are realised, attention is drawn to
nanotechnology. Richard Feynman was one of thedaientists to introduce the concept of
nanotechnology in 1959, in his famous talk entitf€dere’s Plenty of Room at the Bottom”

[7]. He spoke about developing a process that coodhipulate individual atoms and

molecules using special sets of tools to constamet control other proportionally smaller

sets.

Nanotechnology is very common in electronics andagephysics, because there is a trend to
engineer smaller and more compact solutions. Naterabs have found useful applications
in many fields from medicine to energy productid¢towever, since nanomaterials and

nanoparticles are not readily detectable, many exmsc have been raised regarding their



toxicity and environmental impacts, and to whethmr not special regulations on

nanotechnology need to be implemented [8].

1.1.1Instruments used to study Nanomaterials

The tools used in nanoscience and nanotechnol@ggfagreat importance, since they enable
us to ‘see’ and ‘touch’ at this scale. These imagats are also used to measure, observe, and
manipulate atoms and molecules [5]. Electron maopy is a well known technique used to
obtain the topography of nanomaterial at very higagnification and resolution. Energy
dispersive x-ray spectroscopy (EDS or EDX), usesayx-spectroscopic capability for
identifying the elemental composition of the matkriw. C. Réntgen and M. von Laue
developed a technique known as x-ray diffractiolRID¥ which is useful for analyzing the
three-dimensional crystal structure of materials [Bhe scanning tunnelling microscope
(STM) and atomic force microscope (AFM) was develbpy G. Binnig and H. Rohrer [5].
STM is used to determine the topological map obadactive surface and AFM is used to
image, measure and manipulate nanostructures. ket techniques have improved

drastically over the years to the point where tistruments are commercially available.

1.1.2Ways of Synthesizing Nanomaterials

The two main approaches used for the synthesiambstructured materials are the bottom-
up approach and the top-down approach. The botm@ypproach uses atoms and molecules
as the starting species that are chemically coctsiiuto the nanometre scale while the top-
down approach uses larger particles that are pdijsidisintegrated to the nanometre scale.

The approach that will be considered in this stisdyie bottom-up approach.

Some of the bottom-up techniques adopted to syt@sinostructured materials to date are
vapour condensation and gas-phase synthesis [@mpichemical synthesis [10] (which
includes the laser pyrolysis technique), depositiom colloidal solutions [11], conventional
pyrolysis [12], mechanosynthesis [13], detonatiotibiced synthesis [14], self-propagating
high-temperature synthesis [15] and nanopowder ectign [16]. The top-down techniques
include amorphous alloy crystallisation [17], seveplastic deformation [18], Coulomb

explosion [19] and nanolithography [20]. The nanodured materials that these techniques



can produce are nanowires [21], nanorods [22], belt® [23], nanotubes [24], nanoribbons

[25], nanoflowers [26] and other hierarchical stanes [27] like those pictured in Figure 1.1.
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Figure 1.1 Scanning electron micrographs of less-common dadhtthical structures [27] dfa) nanopine
(F&0y), (b) nanowheels (Ptjc) nanoflower (ZnO) an@d) a nanotree (ZnO).

The type of nanomaterials studied here are thimsfil which are characterized as two-
dimensional quantum structures with length and hviolit without apparent thickness. The
production of thin films of tungsten trioxide cae bsed to manufacture sensor devices, but it
was also found that tungsten trioxide nanowiresfupéd in Figure 1.2, could be grown
within the film during annealing [2, 21], which mtuces other interesting properties.
Nanowires are defined as structures that have demeonstrained to tens of nanometers
and arbitrary length, and represent the smallgsictdbfor the efficient transport of electrons

and excitons [28].



Figure 1.2 Scanning electron micrograph of post-annealedsiemgtrioxide nanowires synthesized by laser

pyrolysis showing a thin film that has flaked upoislabs between which are numerous nano-wires
[21]. Insets(a) shows a close look at the nanowires in betweesl#i®s(b) zooms in onto the

nano-wire area an@) display one nano-wire’s end.

Thin films fall under the group known as ‘Advancethterials’ [5], which are usually

tougher, harder, more durable and elastic when aomapto conventional materials. The
other interesting properties of advanced materralkide electrochromic, gasochromic and
photochromic properties, and the materials thatb#ixthese properties are so-called ‘smart
materials’. Smart materials have the ability toemsibly change its colour or transparency in
response to an electric current, certain gaseslemtremagnetic radiation, and tungsten

trioxide is one such compound that is known to leixhihese properties [2].

1.2 Tungsten Trioxide (WG;)

Tungsten trioxide (Wg) is yellow in colour with a temperature dependenystalline
structure. At temperatures betweerlf@and 336C, it exhibits its most common monoclinic
structure [29]. WQ@finds application in the production of ‘smart wowis’, which is a special
type of tinted window. A thin coating of Win electrically switchable glass can change



light transmission through the window with an apglvoltage, which essentially controls the
amount of heat and light passing through it [30]O3\tan also be used in gas sensors,
fireproofing fabrics [31] and pigments [32]. Theserochromic property, as well as the
gasochromic and photochromic properties of yM&n be explained using the colour bleach
process [33]. The colour bleach process involvesdax reaction of the thin films and the
injection or ejection of either a cation or an anand an electron. The material thus behaves

like a mixed conductor with thinner films havingtar bleaching processes.

1.2.1Material Propertiestend to differ at the Nanoscale

WO;3 is known to occur naturally as a hydrate [34] Itk need for an appropriate,
inexpensive and effective synthesis method is requo produce high quality yield within a
specific nano-size scale. Figure 1.3 illustratess hicrometre-sized and nanometre-sized
tungsten trioxide influences the electrical projgsit owing to the ironic relaxation

polarization mechanism [35].
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Figure 1.3 The current-voltagel{V) characteristics of nanometre-sized W@m-WO;) and micrometre-sized
WO; (Um-WQ,) [35].



Figure 1.4 summarizes the W@hase transitions from Raman spectroscopy ascidnnof
temperature. The results conclude that the larggrcte sizes require higher temperatures to
induce a phase change [3], and so it would be ddgeanus to produce materials that undergo

phase changes closer to room temperature.

500 nm 60 nm 35 nm 16 nm 4nm 2nm
o
o
1171K a
950K a
800K
B 5 700K ‘o
623K
550K 113 BH
y . ’ [13 BH
Y

Figure 1.4 Crystallite size effect on temperature phase itians o refers to tetragonal phasg,refers to

monoclinic phase angrefers to orthorhombic phase of W[3].

The change in transition temperature for the plchaages can be explained using the Gibbs-
Thomson relationship [3]. The Gibbs-Thomson reladtup relates the lowering of the

melting temperatureAT = T — T°) to the radius (in nm) of the crystals by,

AT 2V, 1 »
TO  AHy ' 1’ .1

where 1, is the molar volume of the crystalline phaad{,_s is the free molar melting

enthalpy,o is the liquid—solid interfacial energy, ands the radius of the small crystals.

There is more evidence of substantial differencesvéen a nanomaterial and its bulk
material. For instance, nanoparticles interact w#lch other in a different fashion from the
bulk, because the nanopatrticle sizes are compataliiee distances at which interactions
occur in electron, phonon and magnon subsystemghdfmore, the atomic-molecular
structures of the energetic nanoparticles do ntainathermodynamic equilibrium. The
properties of same-sized nanoparticles are depénolensynthesis conditions and the

temperature variation during synthesis [7]. Thergngap of nano-sized W{ds found to be



1.5 eV which is substantially lower than bulk \Wénergy gap of 2.6-3.5 eV [36]. The nano-
sized WQ offers better quality and catalytic stability ianse applications compared to the
bulk material [37].

1.2.2Characteristics of Tungsten Oxides

Tungsten oxides can occur in several stoichiometnd non-stoichiometric compounds with
the composition WeX (0.1 < x < 1), known as Magneli phases [38], which appear with
rather similar structures [10, 39]. These compoucals be verified using spectroscopic
techniques such as Fourier Transform Infrared (FTIgpectroscopy and Raman
spectroscopy. FTIR Spectroscopic analysis of thiimsf and nanostructures of tungsten
trioxide [10, 33, 40, 41] shows a W=0 vibrating redsetween 950-990 ¢chwavenumbers,

a W—O-W vibrating mode between 600-780tmavenumbers and a W-O-W vibrating
mode at 806 cthwavenumber. It should be noted that the vibratiomades are particle size
dependent so the wavenumbers can up or down-digfttlg as a result of Heisenberg's
Uncertainty Principle. Raman studies show thatfthmlamental W vibrational mode is
found between 705-715 ¢mand 805-815 cih The O-W-O stretching mode is found
between 260-274 ctand 327-334 cihwavenumbers [10, 37]. XRD analysis suggests that
the Miller indices for nanorod growth is along te2 0) plane [25] and nanowire growth is
along the (0 1 0) plane [26]. This is of interest the prediction of a scheme for the growth

of nanorods and nanowires.
1.2.3Production of nano-WO3;

In recent years, many techniques for the produabio/O; nanostructures and films have
been introduced and extensively studied. Reactadtorfrequency magnetron sputtering
deposition of pure tungsten, using a plasma of raip carrier gas and oxygen as reactive
gas, is one of the most successful techniquesrfmtuyging WQ thin films and nanowires
[42]. The pressure and gas flow rates of this tegleninfluence the properties of the thin

films.

The sol-gel technique [37], also known as chemswdilition deposition, is a wet-chemical
technique that is primarily used to fabricate mebtalde materials. This method requires a
lower pH for faster aggregation of the nanostruegur



Simple pyrolysis [43] involves the recrystallizatiof a tungsten containing precursor in a
hot organic solvent. The crystals are then heated furnace for three hours at 460to

produce the tungsten trioxide nanorods.

Solvothermal synthesis [39, 44] is conducted inankess steel autoclave with the starting
precursor solution contained in it. The autoclaglaced in a furnace for six hours at 2D0

to initiate synthesis of the nanowires. By varyihg reaction temperature, reaction time,
solvent type, surfactant type and precursor types ipossible to control the shape, size
distribution, surface area and crystallinity of fw®duct. It is believed that a lower solution
concentration leads to lower supersaturation optieeursor and thus promotes the growth of

tungsten oxide nanowires [39, 44].

Ultrasonic spray pyrolysis [45] uses a transdubat produces ultrasound waves, which are
focused on the surface of the precursor. This atentke liquid precursor into a vapour of
ultra-small droplets. The vapour is carried by argas into a quartz tube which is attached
to a furnace. The vapour is annealed in the highpe&ature region of the furnace, and the
product is collected on a substrate at the exih@fguartz tube. The vapour is annealed for 17
hours at different temperatures between °COGnd 708C. It was observed that at
temperatures below 6%D, tungsten oxide nano-wires were grown probabky wuOstwald

ripening.

The laser pyrolysis technique [2, 21] which will brplained in detail in the next section,
involves the interaction between a laser beam ameeursor to induce a chemical reaction.
The resulting “ablated material” is then placedifurnace for 17 hours at 5@ The laser

power, laser wavelength, precursor concentratioecyssor flow rate and annealing

conditions influence the size, shape and compaosidfdhe synthesized tungsten oxide.



1.3 Laser Pyrolysis

Laser pyrolysis was first reported by Bachnehnal. [46] in 1975. In 1981, Haggerty and
Cannon [1] reported on an improved laser pyrolg®tup. As the synthesis technique’s
potential increased, the number of publications aisreased over the years until 2006. The
decrease in trend since 2006 could be owed to ¢ineplex nature of using a laser for
material synthesis. Some of the nanomaterials lase been produced are tungsten [47],
tungsten oxides [2, 21, 48], vanadium oxides [48, deramics [50-55], iron oxides [56-60],
titanium oxides [61-65], silicon [66-69] and carbfrD-76] have been synthesized with

enhanced properties over other synthesis methods.
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Figure 1.5The increasing trend of laser pyrolysis publicasiover the past three decades.

1.3.1Theory of Laser Pyrolysis

Laser pyrolysis is based on photon-induced chemézdtions, which relies on the resonant
interaction between a laser beam’s emission limkaaprecursor’s absorption band, such that
a photochemical reaction is activated [2]. The pbbémical reaction enables an otherwise

inaccessible reaction pathway towards a specibdymt, either by dissociation, ionization or
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isomerisation of the precursor compound. The lageolysis process is conducted within a

reaction chamber, either under vacuum or at atneygppressure.

The multiple photon energy transfer increases titvermal energy of the ground electronic
state of the absorbing precursor molecules, caukmgvolution of vibrational states through
collisional relaxation processes and photochemigattions. It has been shown, that for an
environment where multiple collisions occur on tinee scale of a chemical reaction, such as
in the case of multiphoton transfer, that the Wibreal modes of the polyatomic molecule
will reach equilibrium and the reaction will occwithout energy localization in a single
mode [77].

If the precursor does not directly absorb the lagdration, a sensitizer gas is added to couple
the laser radiation to the absorbing system. Tkerldeam could possibly act as a highly
localized heat source which could photo-thermalsaciate the precursor. The dissociated
molecules of the supersaturated gas phase predarsorradicals that react and assemble
into nanopatrticles by homogenous nucleation viateom-up process [1].

1.3.2The Application of Laser Pyrolysis

Some of the advantages of laser pyrolysis are tbdugtion of extremely fine and pure
products with small size distributions, a well defi reaction zone that is free from
impurities and contaminants. In recent years, maygels [78, 79] have been derived to
explain the temperature gradient induced by therlasd its effects on the synthesis of the

nanomaterial.

The experimental variables that are still underestigation include [80-84] (i) the power
density of the laser beam which is proportionaltie temperature gradient, (ii) the gas
precursor velocities, (iii) precursor residencestiim the laser beam, (iv) the reaction chamber
pressure and gas composition. These variables aexial specific, and the overall effects on
the synthesized material’s morphology vary accalginit was found in some cases that as
the laser power density increased, the size oh#m®particles decreased. This is because the
spontaneous reaction temperature increases torhighes, causing the nucleation rate to
increase proportionally faster than the growth.r#ttevas also found that laser wavelength

and power density introduces competing processeb, & photochemical and photothermal
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processes [76]. It was found in some cases, thadased reaction chamber pressure [72, 82,
84] and increased gas velocity [66, 72, 82] caudecaease in nanoparticle size. This is due
to a faster nucleation rate and a decrease inal@sm and collisions between molecules.
Furthermore, it was found that in most cases, thiatted precursors formed smaller
nanoparticles [66, 74, 83, 84], because theredsaease in collisions between molecules
and thus a decreased growth rate. Figure 1.6 stimvsimulated results for laser pyrolysis

derived from aerosol theory and are specific toftineation of iron nanoparticles [79].
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Figure 1.6 Representation of the maximum productivity pregtichy the model based on aerosol theory and the

experimental conditions required for the productiéiron nanocrystals of a given size [79].
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Chapter 2

Laser—Matter Interaction

2.1 Linear and Nonlinear Optical Processes

Linear optical processes occur when the responsenséterial system to an applied optical
field depends linearly on the strength of the atifield (such as a laser field), while
nonlinear optical processes involves a materidiesydehaving in a nonlinear manner on the
strength of an optical field [85]. Some linear arahlinear processes will be looked at in the
sections to follow so that the interaction betw#em laser beam and chemical precursor in
laser pyrolysis can be better understood fromghrspective.

2.1.1 Linear and Nonlinear Polarization of a materal system induced by an optical field

To understand what is meant by optical nonlineagtnsider the dipole moment per unit

volume or polarizatior?(t) of a material system, and its dependence on tbagihﬁ(t) of
an applied optical field. For the linear case, ititduced polarization depends linearly on the
applied optical field strength, and the relatiopskigiven by [85]

P(t) = eV E(0), 2.1)
where Y™ is the constant of proportionality known as theedir susceptibility, and,
represents the permittivity of free space. Fornbalinear case, the expression in equation

(2.1) can be generalized, such that the polarizatan be expressed as a power series in the

optical field strength. The nonlinear relationsisigiven by [85]

P(t) = eo[x™ E(D) + x® E2(0) + x® E3(t) + -]

= PO@) + PO®) + PA() + -, (2.2)
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where @, y® are known as the second and third-order nonliogtical susceptibilities,

respectively. The fieldB(¢) andE(t) are taken to be scalar quantities in equatioriy éhd
(2.2) for simplicity, and it is assumed that thdapaation at timet depends only on the
instantaneous value of the optical field strengthe assumption that the material system
responds instantaneously also suggests that therialasystem must be lossless and
dispersionless. The nonlinear susceptibilities gahedepend on the frequencies of the
applied fields, but under the assumption of ingtaebus response, the susceptibilities are

taken to be constant.

The second nonlinear optical interactions (suclthassecond order nonlinear polarization,

which is written asP@ (¢) = e,y E2(t) , cannot occur in material systems that display
inversion symmetry or centrosymmetry, such as digugases and amorphous solids [85].
Therefore, they® susceptibility vanishes for such material systeams} so these materials
cannot produce second-order nonlinear optical actesns. The third-order nonlinear optical
interactions (described by the® susceptibility), however, can occur for both
centrosymmetric and noncentrosymmetric materialesys. For the specific case where the
laser interacts with a centrosymmetric vapourizegcyrsor (which is the material system
studied in this work), the possible change in ppé&ion is brought into perspective to get a

basic idea of the changes induced by the laser logattme chemical precursor.
2.1.2 Linear and Nonlinear Absorption of a materialsystem

Since the precursor absorbs laser radiation,gbssible for the absorption to be either linear
or nonlinear, and the various possibilities will d@vered here. For a saturable absorber, the
absorption coefficientr is related to the applied optical field intensfiyhich is written as

I = 2neyc|E|? wheren is the refractive index of the material systeny).d saturable
absorber, the rate of excitation exceeds the fatkecay such that the ground state becomes
depleted and the absorption subsequently saturgttesntensity-dependant linear absorption

relationship is given by [85]

4]

- 2.3
1YL (23)
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whereq, is the weak-field absorption coefficient, aids an optical constant known as the
saturation intensity. For the nonlinear case, egqudR.3) can be expanded in a power series
to give [85]

a=ag[l—(/I)+UA/1)? = U/ + -] (2.4)

This series converges only fér< I, and only in this limit can saturable absorptiaa b

described by means of a power series, like thargby equation (2.2).

Describing the atomic system is simplified by usiihg two-level approximation which
considers only two levels, and so there is no neqekerform the sum over all atomic states.
Note that the chemical precursor used in the sisidypolyatomic molecule and the two-level
approximation provides a starting point to the mooeplex nature of the precursor. The
situation in which a monochromatic beam of frequescinteracts with a collection of two-
level atoms is dealt with in detail in Appendix #&d the results will be given here. The case
for a monochromatic beam describes the case dasiee—precursor interaction used in laser

pyrolysis, and so this will be considered.
2.1.3 Open and Closed Two-level atom
The interaction that is considered is illustratedrigure 2.1 where the excitation frequeicy

of the atomic system is near-resonance to the ptisorfrequency of the atom. The lower

atomic level is denoted kgyand the upper atomic level is denotedoby

Figure 2.1 Near-resonant excitation of a two-level atom [85].
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A two-level system is referred to as closed whey @opulation that leaves the upper lelel
enters the lower leved and the relaxation processes for a closed twd-lsystem is
illustrated schematically in Figure 2.2. It is as®4 that the upper level decays at a Faig

to the lower level, such that the lifetime of thwpar level can be written & = 1/T,,, [85],
and the decay of the upper level would typicallydoe to spontaneous emission. It is also
assumed that the atomic dipole moment is dephastu icharacteristic timB,, leading to a

transition line width (in the case of weak appliiedds) of characteristic width,, = 1/T,.

b

Figure 2.2 Relaxation processes of the closed two-level §&85h

T; (known as the relaxation time where the populaitmersion relaxes from its initial value
to its equilibrium value) and’, (known as the dephasing time where the dipole nmésne

oscillation frequency decays to zero) are relabetthé collisional dephasing ratg by

=ty (2.5 a)

For an atomic vapouy, can be described accurately by the formula
Ye = CsN + C¢ Ny, (2.5b)

where N is the number density of atoms having resonaneguéncyw,,, and N is the
number density of any “foreign” atoms of a differeesonance frequency. The parametgrs
and Cr are coefficients describing self-broadening angiém-gas broadening, respectively.

As an example, for the resonance line of atomidusnd3s — 3p transition),T; = 16 ns,
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C, = 1.50 x 1077 cm3/s, and for foreign-gas broadening by collisions wétgon atoms,
Cr = 2.53 x 107% cm? /s [85].

A two-level system is referred to as open whenpbpulation that leaves the upper letel
does not necessarily enter the lower leselExamples of such systems are magnetic
sublevels or hyperfine levels associated with stat@andb. The open two-level atom is
shown schematically in Figure 2.3. This model iewfencountered when the upper level or
both levels are assumed to acquire populationraesmntrollable pump rates, which is taken

to bel, andA, for levelsb anda, respectively. As in the case of the closed twellatom, it

=

is assumed that the induced dipole moment relaxasharacteristic timg,.
reservoir

______— pump rate
Ap
Iy
b (_/\/\/\_)
levels

I, -
a (_/\/\/\_) —/

Figure 2.3 Relaxation processes of the open two-level atdsh [8

The relaxation rates for the open two-level atomratated to the collisional dephasing rate
and population rateB, andI', (for upper leveld and lower leveh, respectively), and the

relationship is given by [85]

1 1
T_2 = E (Fb + Fa) + Ye- (26)
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To get an idea of the magnitudes of some of thesiphy quantities for a steady-state
response of a two-level atom in a laser beam, ample will be considered. Assuming that
the dipole momenfu,,| = 2.5ea, = 2.0 X 1072° Cm (as it is for the3s — 3p transition of
atomic sodium) and that the laser intengiig measured iW/cm?, this relationship gives

the numerical rabi frequeney of [85]

I[W/Cm2]>1/2 (2 7)

Q|rad = 2m(1 x 10°
[rad/sec] 7( )( 127
Hence, whenever the intensityexceedsl27 W/cm?, Q/2m becomes greater than 1 GHz,
which is a typical value of the Doppler-broaden@skewidth of an atomic transition.
Intensities this large are available from a focusetput of even low-power continuous wave

lasers.

The saturation intensitif of an atomic transition can be quite small. Agasing |u;,,| =
2.0 X 10722 Cm, and assuming thaf; = 16 ns (the value for the3s — 3p transition of
atomic sodium) and thdt,/T; = 2 (the ratio for a radiatively broadened transitjoih)is
found that [85]

19 =527 v (2.8)
mZ

The previous equations and results physically dest¢he possible change in polarization, as
well as linear and nonlinear absorption of a ldssam during the laser—precursor interaction
in laser pyrolysis. The next section looks at phb&mistry and photophysics, which also
describes the laser—precursor interaction, but ragpédicitly accounts for molecular changes
and the chemistry that result in the material systemduced by the optical field or laser

beam.
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2.2. Photochemistry and Photophysics

Another field that describes light—-matter interawtiis photochemistry and photophysics.
Photochemistry is the study of the chemical changésced by the interaction with light.
Photophysics refers to a variety of physical tramsftions induced by light-interaction that
may occur between and within molecules prior to @mgmical changes [86].

The difference between the two processes is thatptiotochemical process involves the
breaking and reforming of chemical bonds (photdsgsits describes such a process), while
the photophysical process involves physical changése molecular system interacting with
the light (such as the conversion of light enegié¢at or fluorescence and phosphorescence

without any chemical changes) [87].

For a photochemical or photophysical process taioaccording to the Grotthus-Draper law
(derived in the early 1800s by Christian von Gnasttand John Draper), a single molecule
must first absorb a photon of light. In a photocleihprocess according to the Stark-
Einstein law (derived in the early 1900s by Johanf¢ark and Albert Einstein), one
molecule absorbs one and only one photon of lihe exception to this law is observed
only when extremely high light intensity sources ased, such as lasers, where multiphoton

absorption by a single molecule is possible [87].

2.2.1 Photophysical Processes

Figure 2.4 schematically describes the various ggtotsical processes for a typical
molecule. Absorption refers to the process whareaterial system absorbs a photon of light,
or alternatively, multiphoton absorption occurs wre material system absorbs more than
one photon. In the case of one-photon absorptiongss, the energy of the absorbed photon
is greater than or equal to the energy differeretvéen the ground vibrational level of the
material system and the excited vibrational levelthe material system. The vibrational
excited level can emit a photon that is equal tower in energy than that of absorption and
de-excite to some vibrational level of the groundgket state, which is referred to as
fluorescence. Lower lying excited singlet statevehamean lifetimes on the order of

nanoseconds or as short as femtoseconds, wheeasresponding triplet stafg of the
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same material system may have a lifetime from rseconds to many seconds. It is also
possible for an electron in the molecule to undeagspin transition and become a triplet
system, in a process known as intersystem cros€inge in the triplet state, the material
system can emit a photon of light of less energntkthat involved in the fluorescence
process, and return to the ground singlet stateis Témission is referred to as
phosphorescence. Internal conversion is similaintersystem crossing in that the de-
excitation process is radiationless, but the mdércspin state for internal conversion
remains the same and the excitation energy isfoaned into heat. Vibrational cascade

refers tothe sequence of spontaneous decays by an excitad ato

Vibrational - Y Intersystem —rn
Cascade e internal Crossing T2
X7 Conversion ;
\_&
2 (=] =
t P
> ) S Ty
2 Absorption /L /
w 3 /
G 54~ AN
' / e Phosphorescence
Fluorescence {
AW
.
L
4N
y—

S3

Figure 2.4 Molecular orbital energy level diagram, which slsotlie various photophysical processes that may
be involved in a molecule [86].
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2.2.2 Photochemical processes

After the molecule absorbs a photon of light anterathe subsequent photophysical
processes, it is possible for the molecule to wmler chemical change rather than return to
its ground state [88]. De-excitation or relaxatimay lead to ionization, isomerisation, or

dissociation, as illustrated for a polyatomic moleABC by the scheme given as [89]

PhotoabsorptiodBC + nhv - ABC* (n>1), (2.9 a)
Autoionisation:ABC* —» ABC* + e~ (29b)
IsomerisationABC* - ACB”, (290
DissociationABC* - AB* + C*, (2.9d)

wherehv represents a photon of some energy @ndepresents an electron. The last process
of the scheme, given in equation (2.9 d), resultbdnd fission and produces the fragments
AB and C, which are both in vibrationally or possibly elextically excited states [89].
Dissociation represents the simplest kind of phodotical reaction, and it also provides the
mechanism for the first step in many more compyges of photochemistry. However, many
polyfunctional compounds can exhibit more than ¢yge of dissociation, leading to a

mixture of products.

The discussion above considered unimolecular @astibut lasers are known to induce
bimolecular reactions in which either one or bothhe reactants are initially excited by the
absorption of laser light [89]. Even if the photsaiption only takes place in one of the
reactants before the collisional reaction, therlaseitation can still play a crucial role in
‘state preparation’, since the chemistry of excitedlecules differs from its ground state
counterpart. This state preparation discussed heitebe referred to in the results and
discussion chapter as there is some motivatiomisfdccurring. Infrared lasers are usually
used to promote each reactant to various energglsiewallowing for the sometimes,

inaccessible reaction pathways. This is one ofélasons that the carbon dioxide gas laser is
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used in laser pyrolysis experiments, as it “lases”the far infrared region of the

electromagnetic spectrum.

2.2.2.1Multiphoton Infrared Excitation

Multiphoton processes can be induced by intensétrad of lower-than-the-interband-
energy photons, and become extremely efficientné @r more resonance conditions are
satisfied by the molecular energy levels [89]. ¥iinal levels are more or less equally
spaced for the lowest levels of excitation, andwsth infrared radiation of appropriate

wavelength, multiphoton absorption can become kiglgnificant.

The case of multiphoton infrared absorption byaainic molecule is considered, as there is
only one vibrational frequency. The appropriatergpdevels are illustrated in Figure 2.5,
where the arrows represent the absorption of ieff@hotons with the same frequency. Note
that spacing between adjacent levels in the vibmati state starts off fairly constant, but
thereafter diminishes at an increasing rate fropolgnomial to an exponential trend. Also
note that each vibrational level contains morealjpspaced rotational levels. Because each
of these levels has an associated linewidth, #gslts in a quasi-continuum of states, which
is represented by the shaded region in FigureEiBntually, there is a limit at which point
there is no longer any restoring force as the ttwona move apart, leading to dissociation.

The system referred to here is anharmonic.

The process of multiphoton absorption displaysedéht characteristics over different regions
of the energy scale, and the regions are commaeibrred to as region I, Il, and Ill as
illustrated in Figure 2.5. In region I, the vibatal levels are widely spaced, and the spacing
is greater than the overall absorption bandwidibweler, the spacing is non-uniform, and so
the photon energy soon gets out of step, allowamgrfultiphoton processes. For example, in
Figure 2.5, the transitiome=0—-1,1- 2, 2 - 3, 3 >4 and 4> 5 all require energies
close to that of a single photon and lying withine toverall bandwidth. These transitions
therefore all take place by the process of singletgn absorption. However, the energy
required for the&s — 6 transition, is sufficiently different, as it li@utside the bandwidth and
cannot take place by absorption of one photon.t&tean can still proceed up to tlve= 10

level, as indicated by direét— 10 transition involving four-photon absorption. Thssthe
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main characteristic of region | that such concertedtiphoton processes take place on the
way up the vibrational ladder [89].
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Figure 2.5 Energy levels and transitions involved in the iphibton infrared dissociation of a diatomic
molecule [89].

0

Region Il is characterized by a quasi-continuum abedr resulting from the fact that
vibrational energy level spacing has become lems the bandwidth. Successive photons can
be absorbed here in a series of energetically alfiogsingle-photon transitions. Since energy
conservation is satisfied at every step, the mddecan at each point exist for a finite lifetime
before absorbing the next photon. Therefore, ettoitathrough this region does not
necessitate the enormously large photon flux whaht have first appeared. Once the level
of excitation has reached the dissociation threshal true energy level continuum is
encountered, and more photons can be absorbeeé shthrt time before the atoms separate.

The region where more photons can be absorbeca ishibrt time before the atoms separate is
known as region Ill behaviour [89].
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Considering the case of polyatomic molecules, namhe same principles for the diatomic
molecule apply, but many additional factors com#o iplay. In polyatomic molecules

containing N atoms, there are generalBN —6) modes of vibration (or degrees of
freedom), and each mode has its own ladder of wilmral and associated rotation-vibration
levels. This makes it possible to induce multipinotxcitation at a number of different
wavelengths, corresponding to each of these vandauational modes. There can also be
many different processes of dissociation involvthg fission of different chemical bonds
leading to different types of fragmentation. Furtheultiphoton excitation may occur in any
fragment with suitable vibrational levels, and aapresent a fourth stage in the overall
process of multiphoton decomposition [89]. As oaa see, the complexity of understanding
the polyatomic molecule increases as more and deiegled theory is added. It is possible at
this stage, however, to gauge on the microscopel,l¢he dynamics that occurs within the

chemical precursor used in laser pyrolysis.

2.3. Summary

The nature of light and laser interactions with teratvas dealt with here. During such
interactions, it is possible for linear and nonéineptical processes to occur in the material
system, and the cases for polarization and absorptiere discussed. This introduces and
gives a theoretical description of the possiblecpsses that can occur when the laser beam
interacts with the chemical precursor. The fielfiglootochemistry and photophysics were
also introduced, and the resulting processes wighdighted to get an overview of the laser
precursor interaction on a microscopic scale. Thessaulations form the basis in explaining

the experimental results.
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Chapter 3

Characterization Techniques

3.1 Introduction

The characterization techniques used in this stadg Fourier Transform Infrared
Spectroscopy (FTIR), Raman spectroscopy, X-ray r&dtion (XRD), Transmission and
Scanning Electron Microscopy, and Energy Disperstveay Spectroscopy (EDS/EDX).
FTIR is a well-known technique which is non-destine; and is used to identify compounds
both quantitatively and qualitatively in quick soarg time [90]. Raman spectroscopy is
ideal for identifying compound stoichiometries [&]d together with XRD [92], the sample
composition and crystal structure can be positiidgntified. The electron microscopes,
namely the Transmission Electron Microscope (TEMJY &canning Electron Microscope
(SEM), are used to image, in high resolution andgmfecation, the morphology and
topography of thin films and nanostructures [93)}eTelectron microscopes house the EDX
identification technique, which can identify themlents making up a sample [93].

3.2 Fourier Transform Infrared Spectroscopy (FTIR)

The method of infrared spectroscopy is used toyaeamaterials based on the molecular
absorption and transmission of infrared radiati®d][ Compounds are made up of a unique
combination of atoms, and so the bonds betweemtiiras making up the compound have
characteristic vibrational frequencies. When irdthradiation is passed through a sample, a
unique combination of absorption peaks correspantbnthe vibrational frequencies can be

collected and used to identify the compound.

A FTIR spectrometer consists of a beamsplitterxedf mirror, a moving mirror, a laser and a
detector [90]. The beamsplitter reflects about lodlthe incident light source and transmits
the remainder of the beam as shown in Figure 3k rEflected beam travels to a fixed
mirror while the transmitted beam travels to a mgumirror, which moves back and forth at

a constant velocity. This velocity is timed accaglto the very precise laser wavelength in
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the system, which also acts as an internal wavtierajibration. Both the mirrors reflect the
beams back to the beamsplitter where they recombime& because the moving mirror has
traveled a different distance than the beam froenfitked mirror, some of the wavelengths

recombine constructively and some destructively.

@ Infrared light
source

|
v
Semi-
Mirror transparent
mirror
o ~ Detector

5 ii : Moving Mirror

Figure 3.1lllustration of the layout and components of ariferometer used in FTIR [90].

If the two beams interfere constructively, thisules in a maximum in the detector signal
intensity [90]. If the position of the moving mirrgs such that the optical pathlength of the
beam from the moving mirror is different from tltthe beam from the fixed mirror by half
a wavelength(1/2 1), then the two beams will interfere destructivefgsulting in a
minimum in the detector signal intensity. The réagl interference pattern is known as an
interferogram. The interferogram then goes fromkbéamsplitter to the sample, where some
radiation is absorbed and the remainder transmifié@ transmitted portion reaches the
detector, which reads information about every wawglh in the infrared range
simultaneously. To obtain the infrared spectrura,dbtector signal is sent to a computer, and
an algorithm called a Fourier transform is perfodno@ the interferogram to convert it into a
single beam spectrum. A reference single beam i(@ateby scanning air) is also collected
without a sample and the sample single beam isa@tto the background single beam to

produce a transmittance or “%T” spectrum.
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If 1(5) is the intensity of the beam at the deteatas the mirror displacement in centimeters
andB(w) is the intensity of the source as a function efjfrencyw in cmi?*, then the equation

for the signal is expressed as [90]

F(6) = B(w) cos(2méw). (3.1)

When frequencies are added up to an infinite nurfieePolychromatic source), the detector

will respond to the sum of all cosine waves: [90]

e

F(b) = j B(w) cos(2méw) dw, (3.2)
where [90]
B(w) = J- 1(6) cos(2méw) db. (3.3)

—00

The relationship between the interferogram andsipectrum is defined by equations (3.2)
and (3.3).

FTIR was carried out on ethanol and the resultiftRRransmittance spectrum as a function
of frequency that was obtained is shown Figure JRe ethanol compound and the
fingerprint peaks corresponding to the bonds inatvapound and their relative abundances
is shown on the spectrum. The knowledge of the ratism bands of the precursor is

imperative for laser pyrolysis, and will be dealthwin later chapters.
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Figure 3.2 FTIR transmittance spectrum of ethanol, showirgydharacteristic peaks arising from the different

chemical bond frequencies.

3.3 Raman Spectroscopy

Raman spectroscopy is based on the phenomenon ro&rRacattering, which was first
observed in 1928 by C. V. Raman and K. S. Krishi€4r96]. When light is incident on a
sample, it is scattered according to the naturehef bonds in the compound. Raman
spectroscopy focuses on the Raman scattered bgbtetate a spectrum that is unique for

every compound.

The sample is exposed to a laser beam, and thadtitsn causes a periodic perturbation of
the electron orbits in the molecules, which furtbauses the electron cloud to oscillate and
induce a dipole moment [91]. The oscillating dipatleoment is itself a source of

electromagnetic radiation, and emerges as scatligtegd The scattered light depends on the
oscillating dipole moment which is a function ofigmizability. Polarizability depends on the

sample’s molecular structure and nature of the atedrbonds making up a compound. The
majority of the scattered light has the identicalgiiency as the incident radiation, and this

type of radiation is known as Rayleigh scattering.
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The scattered light that has different frequendresn the incident radiation could be
Compton or Raman scattered light [96]. Raman seattéght results from the interaction
between the incident photon and matter, whereaspBomscattered light results from the
transfer of energy from the incident photon toeefelectron, thus altering the photon energy.
In Raman spectroscopy, only the interaction betwigm and matter is considered, so

Raman scattered light is isolated and analyzed.

The Raman scattered light that has a frequencyrltves the incident light is called Stokes
Raman bands, and the Raman scattered light thaa fiejuency higher than the incident
light is called anti-Stokes Raman bands. The egndtr the induced dipole mome#itthat

takes into account all the scattered frequencigs/en by [91]

da QoE
9 = PoE, cos(2myyt) + <E >

) (cosl2m(vy — vyu)e] + cos[2m(vo + vyl

(3.4)

where ¢, is the polarizability of the moleculd;, is the electric field amplitude of the
incident radiation,Q, is the maximum physical displacement of the atabsut their
equilibrium position,, is the incident frequency,;, is the scattered frequency ands a
measure of time. The first term of equation (3.2presents elastic scattering (Rayleigh
scattering), the second term represents down-dhffequency (Stokes scattering) and the

third term represents up-shifted frequency (antk&$ scattering).

In a Raman spectrometer, an optical microscopesesl o focus and image a sample as
depicted in Figure 3.3. The incident beam of alsingavelength, is tightly focused (beam
diameter of ~1um) onto the sample, and the back-scattered radidtmm the sample is
directed onto a detector. The elastic scatterdut Iig filtered out, and a fingerprint Raman
spectrum is obtained, and looks like the spectrbiows in Figure 3.4. This technique is

considered to be non-destructive.
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Figure 3.3 An illustration of the layout and components d@man spectrometer [94].

Raman spectroscopy was carried out on a sample@faNd the resulting Raman spectrum

as a function of frequency is shown in Figure 3de WQ compound and the combination

of characteristic peaks corresponding to the vibnal modes in the compound acts as a

fingerprint, allowing for the identification of thr@ompound.
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Figure 3.4 Raman spectrum of W{Dshowing the characteristic peaks arising fromvibeational modes of the

compound.
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3.4 X-ray Diffraction (XRD)

X-rays were discovered in 1895 by W. C. Rontgen #@redtechnique of x-ray diffraction
(XRD) was discovered in 1912 by W. L. Bragg [92]RB is a versatile, non-destructive
analytical technique used for Miller indexing ofystal structures, microstructure analysis,
and the determination of the degree of crystajlinit

This technique involves the interaction of x-rayf@ns with atoms from a sample, and so the
photons can then be scattered, diffracted, refiecteabsorbed and in the case of diffraction,
the incident x-ray photon is scattered by atomdistinct angles. Figure 3.5 shows a crystal
with atoms arranged in planes, where bdaandla are incident x-ray beams at angléo

the plane normal. The incident photons interachatom K and P from the uppermost plane,
respectively. Constructive interference betweentteincident beams will only take place if
[ and 4 are in phase, and this only occurs when the sajtangle is equal to the angle of
incidence. If more planes are taken into considmrgbeamsl, 1a, 2), diffraction will only
occur for distinct angles o# depending on the interplanar spacihg The condition of

diffraction from a regular 3D crystal is explaineg Bragg’s law, which is given by [92]
mA = 2d'sin 6, (3.5)
whereA is the x-ray wavelengthn is an integer called the order of diffraction, &d the

angle of x-ray incidence measured from the reftecpilane.
ld 2d

Figure 3.5Incident x-rays diffracting off the planes in gstal at distinct angles &f depending o' [92].
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By varying the angled, the Bragg’'s law conditions are satisfied by d#éfg interplanar
spacing in polycrystalline materials, which is degent on the periodicity of the crystal. The
periodicity of the crystal determines the diffractidirection which is the position of the
possible26 angles, and a schematic of a diffractometer isvehim Figure 3.6. A further
description on the components of Figure 3.6 will In® given here, but for more information
refer to [97]. Plotting the angular positions agaithe relative intensitiels of the resultant
diffracted peaks, a characteristic pattern of tame is obtained like the diffractogram
shown in Figure 3.7 with the PDF number and Milledices. The XRD peaks on a
diffractogram are compared against Powder Diffaactiles (PDF), which are maintained by
the International Centre for Diffraction Data (ICp@o identify the sample.
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Figure 3.6 The components of a diffractometer with the beath n theﬁ/zg mode [97].
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Figure 3.7 XRD diffractogram or spectrum of WOshowing the characteristic diffraction angles afider
indexes. The broad underlying peak results fronsthiestrate on which the WG@its.

3.5 The Transmission Electron Microscope (TEM)

TEM was invented in 1931 by M. Knoll and E. Ruskden it was realised that material
particles such as electrons possess a wavelikaakaf95]. This technique is used to image
sample materials at the atomic-scale. Louis de Igrogroposed that electrons have a

wavelengtht given by

A_h_ h
p (mv)

(3.6)

whereh is Planck’s constanp, m andv are the electron’s momentum, mass and velocity,
respectively. The velocity of the electrons canimi@eased by accelerating them through a
potential difference, which in turn decreases tla@elength according to Equation (3.4). The
wavelength becomes comparable to atomic dimensem$,so they are strongly diffracted
from the regular array of atoms at the surface dirystal. Increasing the accelerating

potential causes the higher-energy electrons tetpmie deeper into a sample. It is therefore
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possible to form a transmission electron diffractipattern from the electrons that have

passed through a thin sample, and the focused@belatam improves the spatial resolution.

Only a minute amount of material is needed for TENBlysis. The material is usually
sonicated in an organic solvent to homogeniset iis(thus a destructive technique), and a
drop of the resulting solution is put onto a copged. The sample is then placed onto the
sample stage, depicted in Figure 3.8. The TEM caaprof an illumination system, the
sample stage and the imaging system. The illundnaystem is made up of an electron gun
and two or more condenser lenses that focus tltr@hs onto the sample. The system must
be carried out under vacuum to eliminate any dastiges from the column, and more
importantly, the vacuum extracts the air that rppdiecomposes the electron beam. The
sample stage allows the sample to be held stagi@mrao be moved, and so a specific area of
the sample can be imaged. The imaging system centai least three lenses stacked
vertically, forming a lens column that produces agmified image (or a diffraction pattern)
of the sample on a fluorescent screen. TEM wasethout on a sample prepared by laser
pyrolysis and the resulting TEM micrographs arevgho Figure 3.9.
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Figure 3.8 An illustration of the layout and components @afamsmission electron microscope [95].
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Figure 3.9 TEM micrographs of &) nanorod angb) nanotube.

3.6 The Scanning Electron Microscope (SEM)

The first commercial SEM was built in 1938 by M.nvérdenne. It is a non-destructive
analytical technique used to image samples at tbeomscale. SEM relies on the detection
of backscattered or secondary electrons from wveligti thick (so-called bulk samples
composed of nanomaterials) samples [95], unlike TEkMich can only analyze very thin
samples.

The sample is bombarded with a focused beam ofmimap (primary) electrons from an
electron source as depicted in Figure 3.10. Themamw electron transfers energy to the
sample, which causes electrons from the sample tdislodged. These dislodged electrons
are known as secondary electrons, and are attractddcollected by a positively biased
secondary electron detector, and converted toreakig

The secondary electrons are emitted with a rangmefgies making it difficult to focus them

onto an image by electron lenses, so a scannimgiple is used to form an image. This
principle involves the focusing of primary electsanto a small-diameter electron probe that
is scanned across the sample and electrostaticnagdetic fields applied at right angles to
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the beam change the electrons direction of traBgl.scanning simultaneously in two
perpendicular directions, a square or rectanguta af the sample (known as a raster) can be
covered, and an image of this area can be formemlscting secondary electrons from each
point on the sample. Secondary electrons are usadlynto resolve topographic and
charging information. SEM was carried out on a danmpepared by laser pyrolysis and the

resulting SEM micrograph taken in secondary elecinode is shown in Figure 3.11.

Apart from secondary electrons, the bombardmenprmhary electrons also results in the
emission of backscattered electrons from the sanfpéekscattered electrons are more
energetic than secondary electrons, and have aitgefiirection. Backscattered electrons can
only be detected if the detector is in the patkrafel of the primary electrons as depicted in
Figure 3.10. Backscattered electrons are used ynainénhance compositional contrast and
crystal orientation. SEM images have a relativatgé depth of focus which results from the
fact that electrons in the SEM travel very closdhe optic axis which creates good image

resolution.
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Figure 3.10An illustration of the layout and components afcanning electron microscope [95].
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Figure 3.11A secondary electron mode SEM micrograph of varitmungsten oxide nanostructures.

3.7 Energy Dispersive X-ray Spectroscopy (EDS/EDX)

EDX was discovered in 1951, and combines the @eatmicroscope capability with that of
X-ray spectroscopy. It is a non-destructive techaigsed for chemical characterization and
to quantify the atomic composition of a sample [9#]d so it can be used to confirm the
results from FTIR, Raman spectroscopy and XRD.

When a primary electron is incident on a sampleha$ a probability of being scattered
inelastically by an inner-shell (such as a K-sheldéctron. The K-shell electron can undergo a
transition to a higher-energy orbit, creates arctada@ vacancy (hole) in its inner-shell as
depicted in Figure 3.12. The inner-shell vacancy qaickly be filled by other atomic
electrons by making a downward transition from ghkr energy level. During the de-
excitation process, energy is released as a phatbase energy () is that of x-rays, which
arises from the difference between the upper ameraenergy levels. The energy of the
characteristic x-ray photon therefore, dependsheratomic numbeZ of the atom and on the

guantum numbers of the energy levels involved enttansition.
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M

Figure 3.12The electron orbits of an atom with the electrbrlls designated by K, L and M, with quantum
numbera equal to 1, 2 and 3, respectively. A K-shell alectis excited to the empty M-shell, and
an L-shell electron fills the K-shell vacancy inl@-excitation process.

EDX has other closely related analytical technigsesh as Auger Electron Spectroscopy
(AES) and X-ray Photoelectron Spectroscopy (XP¥SAloes not focus on x-ray emission
as in EDX, but instead focuses on another speaidsdcan Auger electron. XPS focuses on
the kinetic energy of ejected electrons, such agefelectrons, and determines the binding

energy from the kinetic energy which is elementesijie

In EDX, the dispersive device is a semiconductoddiwhich allows the x-ray emitted from
the atom to penetrate the diode’s transition reg@imtween p and n-doped material), and the
X-ray energy can release a considerable numbeutef-shell (valence) electrons from the
confinement of a particular atomic nucleus [92].isTprocess is equivalent to exciting
electrons from the valence to the conduction bawitich creates electron-hole pairs) and
results in electrical conduction by both electrang holes. To ensure that maximum amount
of x-rays are absorbed and generate current puisas external circuit, the p-n transition
region is made much wider than most semiconductmies. The diodes are cooled to ~140
K to eliminate the contribution of electronic noisgused by thermal generation of electron-
hole pairs. A thin protective window in front ofehdiode prevents water vapour and

hydrocarbon molecules (present at low concentratiom SEM or TEM vacuum) from
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condensing onto the diode. The current pulses atellieby the detector are fed into a field-
effect transistor (FET) preamplifier which is loedtjust behind the diode. To further reduce
noise, the FET acts as a charge-integrating araplgnd as each photon is absorbed, the
output voltage increases proportionally to its inpoltage, which is proportional to the
number of electron-hole pairs or photon energy. $éesitivity of the EDX to detect the
presence of an element above background noise theonrder of parts per million or 0.1
weight-weight percentage. Figure 3.13 shows thécHagout of the components used for
EDX and the technique was carried out on a sammpaoed by laser pyrolysis and the

resulting EDX spectrum of the tungsten oxide saropla substrate is shown in Figure 3.14.
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Figure 3.13A schematic diagram of an EDX detector and iteaigrocessing circuitry [92].
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Spectrum 1

Figure 3.14 An EDX spectrum of a tungsten oxide, where thegsten peaks are represented by W and the
oxygen peak are represented by O. The carbon é)tsdrom carbon-coating the sample to make

it conductive, and the sodium (Na) and silicon ¢ present in the substrate.

3.8 Summary

The various characterization techniques used is $hidy were covered in detail. FTIR
provides information about the absorption banduesgy of the chemical precursor and so it
can be determined into which band the laser wagéheis distributed. Raman spectroscopy
and XRD helps to accurately identify the chemiaahposition with the aid of literature and
PDFs, respectively. The electron microscopes giw#escription of the morphology and
topography of the products and EDX confirms that ftroduct contains the expected
elements and eliminates the possibility of foremarticle contributions such as dust. The
characterization techniques will be applied to ols@nd analyze the reactants and products

applicable to the laser pyrolysis technique.
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Chapter 4

The Carbon Dioxide (CQO,) Laser

4.1 Introduction

Light Amplification by the Stimulated Emission ofaBiation, commonly known by the
acronym ‘LASER’, describes a variety of unique edidin emitting devices. Laser light
differs from white light in that laser light is mochromatic, coherent, and slowly diverging.
A comparison of the properties between white lghd laser light is illustrated in Figure 4.1.
One class of lasers is infrared gas lasers, sutiieasarbon dioxide (Cfplaser which “lases”
in the far-infrared region of the electromagnepedrum. The wavelengths (9-ufn) of this
laser are readily absorbed by most materials, waildws for applications such as material
processing, cutting, cladding and welding [98]. ApAom the favourable wavelength,
efficiency and stability, C®gas lasers are some of the most powerful comntigreiaailable
lasers with thousands of watts of power outputhla study we make use of a g€@ser to

carry out laser pyrolysis.
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Figure 4.1 The properties that distinguiga) white light from(b) laser light [99].
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4.2 Theory of CO, Laser operation

The atoms of the COmolecule are arranged adjacent to each otherrto fogeometrically
linear and symmetric structure, and this geometnggyrise to three possible vibrational

modes as shown in Figure 4.2.

- -

Symmetric stretching mode

- -

Asymmetric stretching mode

Bending mode

Figure 4.2 An illustration of the three possible vibratiomabdes of the COmolecule [100].

The symmetric stretching, asymmetric stretching ledding vibrational modes of the €O
molecule gives rise to the 1388 ¢r(D.17 eV), 2349 cfh (0.29 eV) and 667 ch(0.08 eV)
wavenumbers, respectively. The three respectiveemawbers for the three modes produce
the three-level system shown in Figure 3.3, andrepeesented by the quantum numbers
(ninzng) 010, 020 and 001. The first quantum numbg) (epresents the quantum level or
excitation number of the symmetric stretching mdte,second quantum numbeg)(refers

to the bending mode and the third quantum numtgréfers to the excitation number of the

asymmetric mode.
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The vibrational modes can further undergo rotafiailarations that cause degeneracy and
further subdivide the whole series of levels int@tized levels specified by the rotational
guantum numbed. The selection rule states thhttan change by +1 for the vibrational-
rotational transitions. Transitions whedeincreases by one (+1) are referred to as the
dominantP-branch transitions and the transitions whedecreases by one (-1) are referred
to as theR-branch transitions. The-branch transition has more gain than the compd®ing
branch and thus outputs more power. The simultamedange of the vibrational and
rotational quantum states causes the highest gaive a10.6 um transition. The competition
between these branches causes a possible wavetangi between 9 pm and 11 um and a

single wavelength can be selected with the useddfraction grating [100].
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Figure 4.3 The three energy levels of the £€M@olecule with the subdivided levels caused bytiata in the
vibrating molecule and also shown here are thedasiansitions from two of the resonant modes
[100].

The active lasing medium of Gasers is composed of a mixture of three gasssggested
in Figure 4.3. For the CQaser used in this experiment, the gas mixturesvasposed of 7%
CO; gas, 18% nitrogen gas and helium gas constitheesemainder of the mixture. The gas
mixture flows inside a plasma tube that is pumpgé Ihigh current excitation source which
affects the energy levels as depicted in Figure Bh@ first excited energy level of nitrogen
has a long-lived metastable state (~2 ms) that smalkdlisional transfer of energy very
efficient to the C@ molecule. The nitrogen molecule can only trangieenergy to the CO

by resonant scattering and collisions because hoolesr molecules like nitrogen cannot
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lose energy by photon emission. The energy frormitnegen’s first excited vibrational state
is transferred to the carbon dioxide’s asymmetitietshing mode since there is only an 18
cm™ energy gap between the two levels. After this gnémransfer, the nitrogen now exists in
a lower excited energy state and collisions withulne bring the nitrogen down to the ground
state. The energy collected by the helium is thdéraeted as heat into the atmosphere by an
external air or water-cooled system that is coretet¢b the plasma tube. The helium also
assists in bringing the carbon dioxide moleculesnfithe second energy level down to the
ground state and enhances the thermal conductivitye gas mixture [101].

4.3 The PL6 CQ Laser

The model of C@laser used is the PL6-030 laser from Edinburghrunsents, pictured in
Figure 4.4, and this laser was chosen becauseviivelength tunable. Because wavelengths
produced are in the far-infrared region of the tetenagnetic spectrum, the mirrors are
coated with either gold, copper or molybdenum, #redother optics such as lenses are zinc
selenide. The totally and partially reflecting @dhimnirrors are mounted on either end of two
plasma tubes forming a resonator and the activimgagas mixture flows continuously
through the plasma tubes at a pressure of 25 nmohisaevacuated to an outlet pipe. A high
voltage supply (LPS-2000) supplies currents of 40an two-channels, one for each plasma
tube via an anode and cathode connection. Thisdugient is converted to a laser power of
65 W in a continuous wave laser beam. A water-ogothiller constantly circulates water
through the outer cavity of the plasma tubes tceagthe heat. It takes about 10 minutes for
this laser to reach thermal equilibrium, and thgpotibeam profile of the PL6 laser is ~90%

TEMgo transverse electromagnetic mode due to the des$ite laser.

Figure 4.4 A picture of the PL6 laser, power supply and thiender containing the C&N,-He gas mixture.
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4.4 Characterization of Lasers

The laser beam propagation parameters are impddamixperimental purposes because it
helps to understand the laser dynamics. There anieus laser beam profiling techniques
available for various laser types and here two iptesssechniques used for G@asers will be

considered.
4.4.1Properties of Gaussian-like Beams

A laser beam with a TEpRJ mode has a Gaussian-like intensity profile simitatthe one
shown in Figure 4.5. At any positianon the propagation axis, the intensity profilés
defined by

2 2
I(p,z) =1, [%] exp [—2 a)f—(z)l' (4.1)

which is a function of the radial positiwn(= VX2 + yz) and the exponential term defines a
Gaussian distribution, is the square of the electric field of the lighawe and is the peak
intensity on the beam axia\(z) is the beam radius at propagation distanemdw, is the

minimum beam radius or waist at positiag.

\'@

-p 0 p

Figure 4.5 An illustration of a Gaussian intensity profileeman arbitrary radial distance.
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The peak power density on the beam axis in terngeak intensity, contained in the laser

beam can be defined by

g

Pd (Z) = IO (UZ_(Z)

(4.2)

The respective beam radii denoteddfz) andw, are illustrated in Figure 4.6. The beam

radius at some propagation distards given by

w(z) =wy [1+ (Z ;RZ())z, (4.3)

wherezy is the so-called Rayleigh range. The Rayleigh eaisgelated to the beam quality

factorM? and the wavelength of the laser beam throughettagion

g
- M2A

2 (4.4)

The Rayleigh range is the distance at which theszsectional area of the laser beam doubles
after z, and is often interpreted as a measure of howhialdaser beam propagates without
significant divergence. Thus a long Rayleigh rarsgiavourable for experimental purposes.
The beam quality factoM? is a measure of how many modes are oscillatinthénlaser
beam and impacts on the space beam width prod0&i.[For an ideal TEN mode,M?

equals 1, and for Gaussian-like beavftsis greater than 1.

The angle between the tangent line to the diverfasgr beam and the central propagation

axis shown in Figure 4.6 is known as the divergemgep and is given by

M?2
Q= (4.5)

Twy

The divergence angle gives an indication of howiroalted the beam is or if it diverges

quickly.
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Figure 4.6 A schematic diagram of beam propagation throulgms.

4.4.2 Two Experimental Methods used to Characterizeasers

The characterization of the laser beam was caaugdising two methods. The first method is
the scanning slit method which uses a thin slit pogler meter to measure beam intensity
passing through a thin slit for incrementally aéjaicpositions to the beam at chosen axial or
propagation distances away from a focusing mirrothe x and y-direction. The second
method is the pyrocam method which uses an infrea@tera to capture an image of the laser
beam at chosen axial or propagation distances #&way a focusing mirror and the beam
diameter is extracted from the data.

4.4.2.1The Scanning Sit Method

The scanning slit method is a suitable and accyraifiling technique that works best for
Gaussian-like laser beams, because non-Gaussiamsbéave convergence problems
associated with beam profiles that contain disowonties [103]. The slit width must be at

most 10% of the beam diameter for accurate prgfilin

The Gaussian-like profile is traced out with a thlith by integrating the intensity of the beam
over the area of the slit width. The resulting nueasient from the thin slit width is
equivalent to the original cross section convolwedh the profile of the slit. This
measurement is carried out over the whole beamli@raind a least-squares Gaussian fit is
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applied to the measured data to determine the lbadims at different propagation distances.
By squaring the beam radii and plotting it agaitsspropagation distances, the relevant beam

parameters can be extracted.

This method is simple and has many advantagesaitier profiling methods. The thin slit
acts as a natural attenuator, which is advantagbeocause it is possible to measure high
powered beams directly without decreasing sensitiand without increasing noise of the
signal. There is also no need to differentiatedigaal with respect to position to obtain the
beam profile. These two advantages make this methpdrior to other known methods, and

is the preferred choice for Gaussian-like beamilmgf

The scanning slit method has a very simple setubthe layout for the case of Gaser
beam profiling is depicted in Figure 4.7. The Q&ser is co-aligned with a helium neon laser
beam in order to follow the path of the €eam. The helium neon beam is combined with
the carbon dioxide beam by using a beam combimitthinsmits the wavelengths of the £LO
beam but reflects the 633 nm wavelength of theuhelneon beam. The two aligned beams
are projected onto a copper coated focusing minisich has a 1 m radius of curvature,
which is effectively a lens with a focal length 0 mm. This mirror focuses the beam
through the slit (slit width of 6dm measured with a travelling microscope) and orpiovaer

meter (Ophir L50A) that measures the resulting powe

Power meter

HeNe Laser

Mo mirror
PL6 CO, laser

-

Beam combiner

Cu mirror

Figure 4.7 A schematic of the setup used to characterizeCtbelaser beam using a thin slit. The inset shows

the slit size relative to a South African one ranah.
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4.4.2.2The Pyrocam Method

The Pyrocam (PY-III-C-A) is a solid state, high foemance pyroelectric camera that can
measure and analyze low-level and high-level sgypnalan infrared laser beam. This camera
has a uniform infrared response and can capturenttiemages of hot sources in real-time.

Since it measures in real-time, it can be useg@idsed lasers or continuous wave lasers. For
continuous wave lasers however, an external chopaerto be attached to the pyrocam to
pulse the beam and synchronize it to the rate athavine camera captures frames. Each
frame of the camera detector has AP24 pixels on 100um centres that respond to

wavelengths from Ium to 1000um. The image frame is mathematically analyzed by
computer software that implements peak, centroidkmife edge methods [104]. This

profiling technique can be used to characterizesGian-like and non-Gaussian laser beams,

which make this method versatile.

The setup used for the pyrocam method for the Bpaase of CQ laser profiling is shown
in Figure 4.8. This setup is a little more compchthan that used for the scanning slit
method, because the high-powered beam needs tuxtbenally attenuated. Attenuators,
reflecting wedges and high reflectors are neededdace the laser power from 75 W down
to 100 mW, because high powers will burn out theea'’s pixels. An image captured by the

pyrocam is pictured in Figure 4.9.

Power meter

57.6% 85% Reflector

, Reflector Mo mirror
95% Reflecting N
Wedge s U 0
5 - g PyroCam
‘ -rd‘ - . - V) -
HeNe Laser Attenuator

Mo mirror .
PL6 CO; laser 1m Cu focusing

mirror

Beam combiner

Figure 4.8 The setup used to characterize the laser beang asppyrocam. The inset shows a picture of the

pyrocam with a chopper attached to the front of it.
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Figure 4.9 An image taken by the pyrocam showing the heatibigton of the beam by the different colours

and the intensity distribution on the x and y aaesalso shown.

4.4.3 Results of the Laser Parameters

The results for the scanning slit method are ptesefirst. The laser beam profiles in the y-
direction only are plotted for each propagatiortatisez, and the profile at four propagation

distances are shown in Figures 4.10 (a)-(d) wiferemce to the 1 m radius of curvature
mirror that has a predicted focal lendgth50 cm. The beam profiles were fitted with a least
squares Gaussian function so that the beam radith® propagation distances can be

extracted, halved, then squared and plotted ag#snsspective propagation distance.
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Figure 4.10 (a)-(b)Plots of the power for varying slit positions atieas propagation distances between the

focusing mirror and thin slit.
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Figure 4.10 (c)-(d)Plots of the power for varying slit positions atieas propagation distances between the

focusing mirror and thin slit.
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The beam profiles are Gaussian-like before thel foleme of the focusing mirror, as evident
in Figures 4.10 (a)-(b), as opposed to the bearfilggdrom the focal plane of the focusing
mirror which show multiple peaks depicted in Figu#el0 (c)-(d). The scanning slit method
was also used to compare the PL6 laser to a Syfpad8-2-115) laser, which has a

Gaussian-like beam profile. The results are dissligs section 4.7.

The characterization of the PL6 laser was thenedhout using the pyrocam method. Images
of the beam for the same propagation distancesaéi chosen in the scanning slit method
were captured by the infrared camera. The beamead@&amfrom the images were halved, and

then squared and plotted against its respectiveagtion distance as shown in Figure 4.11.

501 ——4———————7—— 17— 71—
4.5x10°
4.0x107
3.5x10°
3.0x10°
2.5x10°
2.0x10°
1.5x10°

1.0x10°

Beam Radius squared (mz)

5.0x10°

0.0 4

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Propagation Distance (m)

Figure 4.11The second-order quadratic fit from the data effiirocam method.
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To utilize the results of this plot, equation (4n@eds to be rearranged to a quadratic equation
to coincide with the parameters extracted fromgteph of Figure 4.11. The quadratic form

of equation (4.3) is given by

M2\’ M22\* (M2’
w?(z) = ( ) — 220( ) zZ+ ( ) z3 + wi. (4.6)
Tw, Tw, Tw,

Extracting the data from the equation of the poiyred fit of Figure 4.11 and equation (4.6),

the following data was obtained:

M22\*
<—> — 2489 x 10~%,
Tw

M22\°
—220< ) = —3.065 x 10~* m, (4.7)

Tw,

and

M22\°
<m> Zg + a)é = 9.547 x 10_5 mz.
0

Solving equations (4.7) simultaneously, the beanstwaositionz, was found to be 0.616
mz7%. The value of, was found to be ~19% more thiarwhich explains why the graph of
Figure 4.11 is asymmetric. This discrepancy betwibenexpected focal point could be a
result of a fast diverging beam. The beam wajsfor the 1 m radius of curvature mirror was
found to be 1.054x1dm+13% while the unfocused beam radius was found t6.be x10°
m=25% which implies that the 1 m focusing mirror malle beam radius six times smaller.
Using equation (4.5), the divergence anglevas found to be 16 mra8% which confirms
that the beam has high divergence. The Rayleigheranpwas found to be 0.066xt% and
thus the area of the beam doubles at a distan6e682 m away from the focusing mirror.
The beam quality facta¥/? was found to be 4.98.8% which suggests that the PL6 laser

outputs a non-Gaussian beam.
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4.5 Laser Polarization

Light waves are composed of an electric field aradynetic field and their respective vectors
are perpendicular to each other and to the dinectib propagation of the light wave.
Polarized light is dependent on the electric fielttor since the magnetic field vector is
always confined perpendicular to the electric fidl@s].

One way of achieving laser power variability is bging a polarization based attenuator
shown in the inset of Figure 4.12. This attenuatmmsists of two zinc selenide windows
which are represented in Figure 4.12. The incidaser beam first propagates through air
which has a refractive index of 1.00, and then through the zinc selenide winddwch has

a refractive indexn, of 2.40. The windows are mounted at Brewster'sleartly (=
tan[n,/n,]) which is found to be 1.18 rad. The laser beamefimcted between two different
media, and so two windows are used to correct dbnaction and make the incoming and

outgoing beam collinear.

The laser beam moves through the four surfalGesl,, Tz and T, of the two windows
alternatively getting refracted between the air z2ind selenide media. The laser beam strikes
the surfacdl; at incident angl®; and is refracted by an andglein the zinc selenide window.
The beam then strikes surfa€g at the refracted anglé and leaves at angl. The laser
beam then undergoes the same transformation iacgsT; and T, and eventually emerges
from the attenuator with the same incident angle Since the windows are fixed at
Brewster’s angle in this case, the angle of incigealways equals Brewster's angle, and as
the attenuator is rotated, the windows are alsatedtadjacent to the laser beam. The laser
beam always strikes the window at Brewster’s atigieughout the rotation, such that only
the plane of the light is affected. The transmisgpower of the beam varies sinusoidally with
the attenuation angle. Therefore, the rotation etight allows full transmission of the laser
beam coincides with the angle of the plane of lightch corresponds to the polarization of

the light beam.
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Figure 4.12 The picture shows the layout and beam propag#imugh the windows in an attenuator and the

inset shows a home-made attenuator.

Figure 4.13 illustrates the determination of théapmation of the PL6 laser. The attenuator is
rotated and the relative intensity is plotted. Fiéigure 4.13, it is seen that the polarization is
vertical, since maximum transmission is found aad (or O deg), 3.14 rad (or 180 deg) and
6.28 rad (or 360 degQ).
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Figure 4.13 The total intensity transmission for the attendatngles for the theoretical, normalized

experimental data and the fitted theoretical cufeeshe experimental data of the PL6 laser.
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4.6 Determination of the Laser Wavelengths

4.6.1The Experimental Setup used to determine the Wavel ength Spectrum of the PL6 Laser

The experimental setup used to determine the wagtiespectral range is shown in Figure
4.14 which is similar to the setups used beford whe addition of a COspectrum analyzer
and a pop-up folding mirror. The pop-up folding mairdirects the laser beam either to the
power meter or the spectrum analyzer so the vargower or varying wavelengths can be
recorded. The wavelength is varied by rotating ¢nating in the PL6 laser until the
wavelength and branch line is displayed by the tspecr analyzer. The power changes

because different branches have different gains.

CO2 Spectrum Power meter

Analyzer
HeNe Laser
Mo mirror
Pop-up Mo /

PL6 COs laser
mirror

—

Beam combiner

Cu mirror

Figure 4.14A schematic of the setup used to determine theslgagth spectrum.

To determine the wavelength spectrum of the, GBer, a C® Spectrum Analyzer from
Macken Instruments (Model-16A) shown in Figure 4i45used to display all the lasing
transitions of the C@laser. The spectrum analyzer uses a grating gisecipe to identify the
rotational lines of thé®> andR branches and wavelengths between 9.10 um and uh30
The laser beam enters the front of the spectruntyasrathrough a 1 cm diameter aperture
and just a portion of the beam passes through iablarslit. The light that does not pass
through the slit is absorbed by the casing of fezgum analyzer [106].
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Figure 4.15A picture of CQ Spectrum Analyzer (16-A) from Macken Instruments.

The spectrum analyzer uses a UV excited thermaitsemscreen which is depicted in Figure
4.16 and the rotational line and wavelength ofllser beam appears as a darkened area on
this screen. This darkened area lies between talesavith the upper scale of the screen
showing the rotational lines and the lower scaspldys the wavelength in micrometers.

Figure 4.16 A picture of CQ Spectrum Analyzer’s display screen with the cawethe casing opened.
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4.6.2Results for the Wavelength Spectrum of the PL6 Laser

The wavelength versus power graph is plotted iruféigd.17 which shows how the power
varies for each wavelength transition as well a&s ghssible wavelength transitions of this
laser. The 9R24 rotational line at 9.25 um gavehiigaest power for that branch, the 9P20
rotational line at 9.54 um gave the highest powetHat branch, the 10R18 rotational line at
10.26 um gave the highest power for that branchthedlOP20 rotational line at 10.60 pum
gave the highest power of 60.5 W for the entirecspen.
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Figure 4.17The wavelength spectrum of the PL6 Q&ser.
4.7 Summary of Laser Characterization

The PL6 laser was found to have non-Gaussian piepdrefore and after the focal plane of
the focusing mirror unlike the Synrad (D 48-2-118), laser which was found to output a

Gaussian-like beam. The polarization of the lagexs determined using the attenuator. The
calculated parameters of both the lasers are tuolia Table 4.1.
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Table 4.1. The parameters for the PL6 laser obtained frompyrecam method and the parameters for the

Synrad laser obtained from the scanning slit method

Laser  Propagation parameters Wavelength Polarization Maximum
Model Power
w, (M) zy  M? A (um) Vertical Horizontal P (W)
(m) (%) (%)
PL6 1.05410° 0.616 4.93 9.19-10.84 93 7 65
Synrad 8.05%10* 0.500 1.04 10.60 92 8 30

The PL6 laser beam waist is about 24% larger tharSlynrad laser beam waist and the
values indicate that the Synrad laser beam divestmser than the PL6 laser beam. The
Synrad laser has a fixed wavelength unlike the Veaggh tunable PL6 laser which is why
the PL6 laser was chosen. Both the lasers arerlynpalarized with similar percentages of
parallel and perpendicular polarizations.

4.8 Conclusion

A review was given on CfOlaser theory. A comparison was made between the dtid
Synrad lasers using the scanning slit and pyrocharacterization techniques. The laser
polarization was obtained with the use of a homeerattenuator. The laser wavelength was
determined using a GGpectrum analyzer. The results from the charaegoin techniques
revealed that the PL6 and Synrad laser have adiffetence in the beam quality factor due

to the different laser designs.
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Chapter 5

Experimental

5.1 Introduction

Several experimental geometries have been propwsedrry out laser pyrolysis, but the
cross flow geometry was found to be the most acdgadus [1]. Cross flow geometry, shown
in Figure 5.1, requires a horizontal propagatingefabeam to orthogonally intersect a
vertically flowing ‘vapour’ precursor such that theffects exerted by gravity on the
dissociated precursor can be controlled. The detenlFigure 5.1 will be covered in the next
section. This geometry also provides a very stegdetion and steady interaction zone where

the laser beam and precursor intersect.

Exhaust fumes —siw—y
— Photo-sensitizer

Interaction &as
Zone Argon
Carrier gas

CO, Laser

Nozzle

Precursor

Figure 5.1A cross-section of the reaction chamber duringrlpgeolysis using the cross flow geometry [107].

An unfavourable condition for this geometry occursen the laser beam is progressively
absorbed as it passes through the thickness oprd@irsor stream. The precursor is thus
exposed to varying laser intensity, which can camee-uniformities in nanoparticulate

formation. This condition is overcome however, sitite residence time is very short, and so
any variation in laser intensity is negligible. T¢r@ss flow geometry is applied in this study,

as it is by far the most efficient configuration.
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5.2 Methodology and Setup of the Laser Pyrolysis rtigod

The cross flow geometry is achieved with a custoagereaction chamber, shown in Figure
5.2, within which laser pyrolysis is carried outaimospheric pressure. The stainless-steel
six-arm chamber (dimensions 590 mdB80 mmx230 mm) is constructed with adjacent arms
perpendicular to each other. Two of the longer sipaarms (labelled and2 in Figure 5.2)
are each mounted with a 2-inch zinc selenide windbiwe first window serves as an entry
point for the laser beam into the reaction chantberards the interaction zone which is
located at the centre of the two arms, and thets &x¢ chamber through the second window.
There is also a gas inlet on each of the long anaisallows carrier gas to flow in and protect

the two zinc selenide windows from any scatteregtywsor and pyrolized products.

Horizontally and adjacent to the long arms is aeoftair of shorter opposite arms, one arm
mounted with a 2-inch calcium fluoride window faewing ultraviolet or visible emissions
arising from the interaction zone, and the othen & mounted with a 2-inch zinc selenide

window to view infrared emissions from the interactzone.

Chamber Cap

‘Long arm

Figure 5.2 The reaction chamber inside which laser pyrolistsarried out.
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The top vertical arm has a removable cap that loasaibstrate as shown in Figure 5.3 (a),
and evacuates gases and fumes from the chambebottioen vertical arm holds a three-way
nozzle (dimensions 46 n¥t90 mm) shown in Figure 5.3 (b), which is used ited the
sensitizer gas, encasing gas and precursor towlsedaser beam and substrate. The encasing
gas (which is argon in this case) flows through theermost ring (area of nozzle for
emerging carrier gas is 1.32 Bnof the nozzle and minimizes the distribution @pdeading

of the contents from the inner nozzle outlets. $hasitizer gas (which is usually required
when a precursor does not directly absorb the lkasession wavelength) flows through the
middle ring (area of nozzle for emerging sensitgas is 0.31 cA) of the nozzle and acts as
an energy transfer agent for the precursor. Theupser flows through the innermost ring
(area of nozzle for emerging precursor gas is 6r&) of the nozzle and is carried by argon
gas because argon is inert and thought to actladfer gas that broadens the absorption

bands of the precursor [78].

Corning glass substrate attached to
* » Substrate holdel

Figure 5.3(a) The inside of the chamber cap.
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Figure 5.3(b) A close-up of the three-way nozzle.

The laser pyrolysis setup requires the precursteton a gaseous phase to make the process
effective. The liquid precursor is converted intéiree spray before entering the nozzle using
the aerosol generator (Micro MistHudson RCI) shown in Figure 5.4. Argon gas is pach
through the aerosol generator which converts tipgidi into small droplets (droplets have a

diameter of 5um according to the manufacturer).

Aerosol outlet

Liquid precursor

Gas inlet

Figure 5.4 The aerosol generator holds the precursor ligand, argon gas is passed through the bottom inlet
creating a fine aerosol that emerges from the top.
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The reaction chamber fits into the experimentalgets shown in Figure 5.5. The attenuator
is used to vary the laser power entering the chanvhée the power meter monitors the laser
power before and during laser-precursor interactitne laser beam is positioned 3 cm above
the nozzle and 5.5 cm below the substrate to hitlierprecursor from deviating off the
nozzle axis. The gas flow rates are variable ardptimized according to the density of the
precursor. The amount of time that the precursoalliswed to flow for, determines the
thickness of the film that collects on the substrdthe samples are annealed in a furnace for
17 hours at 50, and the products are characterized by the tqobaidiscussed in Chapter
2.

HeNe Laser

Mo mirror
PL6 CO, laser

-

Beam combiner

Cu mirror

Attenuator

Focusing

) Reaction
Cu mirror

chamber

\0 Power meter

Figure 5.5The setup used to carry out laser pyrolysis.
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5.3 Estimation of the Laser Interaction Volume

The laser interaction volumé is the volume occupied in the laser beam by tleeyrsor.

The laser interaction volume was modified fromrhtere [2] to give

Z0+%l

w13 (M?2
V=nm f w?(z)dz =

2
— | — 21 5.1
12 nw0> Wy 1)

ZO_El
wherel is the diameter of the nozzle from which the presou exits and the other symbols
have been defined in section 4.4.1. For the unftid 6 laser beam whose parameters were
given in section 4.4.3 and féorequal to 2.5 mm (diameter of inner nozzle), theraction

volume comes out to be 0.29 T¥h0%.
5.4 The Chemical Precursor

A chemical precursor is a compound that particgate a chemical reaction to produce
another compound. We aim to fabricate tungsternxitt® from tungsten (VI) ethoxide
precursor, that isW(0C,Hs), » W05 via the laser pyrolysis method. Tungsten (VI)
ethoxide is a well known precursor for producingigsten trioxide and its chemical
properties are suitable to be used in laser pyilysis known that heat treatment of this
precursor at temperatures above °“@@onverts this precursor to WJ108], so it is

interesting to investigate the conversion of thecprsor by a laser.
5.4.1Preparation of Tungsten (VI) Ethoxide Precursor

Tungsten (VI) ethoxide was prepared by mixing Ogldf greyish-blue anhydrous tungsten
hexachloride W Cl,, Sigma Aldrich, >99.9%) powder in 100 mL of abgelwethanol
(C,H;OH, Sigma Aldrich, >99.9%) which gave a molarity 05 2nM. A precursor with a 27
MM concentration was also prepared to repeat exeatsnfrom literature [2]. The reaction
was carried out under argon atmosphere becausstémnigexachloride reacts violently with
oxygen and moisture from the air. The colour of sb&tion was yellow immediately after

mixing the solute in solvent, and then changedatidk thlue 15 minutes later. The blue colour
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faded away over several days, and eventually becaoeirless with light yellow tungsten
(V1) ethoxide colloids in solution.

The colour changes of the reaction are depictédgare 5.6, and the reaction steps are given
by [108]

WClg + x CHsOH —» WCls_,(0C,Hs), + x HCI (5.2)
(yellow to dark blue)

and

WCls_(0CyHs), + (6 — x) C,HsOH —» W(OC,Hs)g + (6 —x) HCl  (5.3)
(blue) (light yellow colloids)

wherex goes from 1 to 6 as the reaction proceeds.

15
minutes

Figure 5.6 The pictures show the colour changes as the reagtioceeds to form tungsten (VI) ethoxide
precursor.
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5.4.2Properties of Tungsten (VI) Ethoxide Precursor

Tungsten (VI) ethoxide is a light yellow solid with melting point of 105-1£C. The
precursor made here is actually tungsten (VI) att@guspended in a large excess of ethanol
(~11 times), and so the precursor is a volatilguilil’. The precursor is so diluted by ethanol,
that it assumes most of the ethanol properties.demsity of the precursor was verified and
found to be 0.79 g cth The boiling point is 78°C and the pH is 6.

5.4.3Spectroscopic analysis of Tungsten (V1) Ethoxide Precursor

It is important in laser pyrolysis to determine #desorption bands of the precursor, and so
FTIR was carried out on the liquid precursor usandPerkin Elmer Spotlight 400 FTIR
Imaging System in the wavelength range 500-4000.cFhe green spectrum in Figure 5.7
shows ethanol background and the blue spectrumsshmmtungsten (VI) ethoxide precursor
plus ethanol contribution. The two spectra are re@téd to understand the contributions of
the ethanol peaks. The peak labelled 1 in Figureféund at 1087 crh (9.20 um), is
indicative of a carbon-oxygen (C—O) bond, and teakplabelled 2 found at 1045 ¢n9.57
pm), is indicative of a carbon-carbon (C—C) bond9|L0 he peak labelled 3, which is found
outside the wavelength range of the laser at 80% (8.43um), most probably represents
the tungsten-oxygen (W-0O) bond in a very small ¢jnanThe shaded region of the FTIR
spectrum shows the wavelength range of the I@8er and the dashed line refers to the 10.6
pum wavelength of the laser beam. This overlap oérlasavelength with the precursor
absorption band is a prerequisite for laser pyislggethod, and will be discussed in detail in

the following chapter.
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Figure 5.7 The FTIR spectrum of the tungsten ethoxide prexufislue) and pure ethanol (green). The shaded
region represents the wavelength range of the I&€er and the dashed red line represents the CO

laser’'s 10.um wavelength.

5.5 Summary

The cross flow geometry was chosen to carry ouwdrlagrolysis, and all the components
necessary for this configuration was shown andudsed. The volume of the laser-precursor
interaction was found to be 0.29 tnThe preparation of the tungsten (V1) precursos wa
outlined, and spectroscopic analysis of the precweveals that the absorption bands of the

precursor overlaps with the emission lines of th® Raser, which is a requisite for laser

pyrolysis.
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Chapter 6

Results and Discussion

6.1 Laser Pyrolysis carried out at varying Wavelentp and Power

The first set of experiments involved varying thawelength (9.22-10.82m) at a fixed
power density of 51.2 W/c5% (a power of 30 W in a beam radius of 6.11 mnt the
second set of experiments involved varying the podensity (17-110 W/cft10%) at a
fixed wavelength of 10.Gm to investigate the morphology and chemical contiposof the
products as a function of the laser parameters.séhef parameters chosen are illustrated in

Figure 6.1.
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Figure 6.1 The varying laser parameters are represented dyrdbpective points on the graph, used to

investigate the effects on the morphology and chahtiomposition of the products.

The unfocused laser beam, which has a larger beaa) &@as used here to increase the time
(or residence time) that the precursor spendsédnabker beam and so threshold effects can

also be investigated. The threshold effects resealhat power and wavelength a chemical
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composition will form, and so it is not imperatit@ cover a larger laser pyrolysis parameter
space. The constant power of 30 W was chosen s$alihhe varied wavelength branches
could have the same power, and this is better gtmtst by referring to Figure 4.16 which
shows the maximum power output for every wavelengtie 10.6um wavelength was
chosen as this is the optimum wavelength for spagparation and the highest power is

available at this wavelength [2].

The 2.4 mM tungsten (V1) ethoxide precursor wasdus@d the optimal flow rates (relative
to the densities of the gases and precursor) Biptecursor carrier gas (oxygen), acetylene
and argon gas according to the flow meters, wanaddo be 8 sccm +35%, 50 sccm +10%
and 30 sccm +19%, respectively. The selected flat®sr and arrangement of the adjacent
flowing gases in the setup described in the previobapter were successful in making
uniform films [21]. Various nanostructures grew hiuit the films during annealing for 17
hours at 508 in argon atmosphere, in agreement with literafdb§ which reported that

500°C was the optimum temperature to grow rod-like samctures.

The residence time was estimated from the precdi®arrate (8 sccm) and the interaction

volume (which was found to be 0.29 Tfrom equation (5.1) for the unfocused PL6 beam).
By taking the ratio of the interaction volume te ttow rate, the residence time was found to
be 3.7 ms and this is in the range of the relaraiimes of excited state gases. For example,
the metastable lifetime of carbon dioxide gas, whwas shown in Figure 4.3, is 2

milliseconds [101]. This implies that the precurgms spends an amount of time that is
almost equivalent to its excited state lifetimechsuhat the precursor may not de-excite

within the laser beam but dissociate.

The precursor molecule is composed of 49 atoms;iwineans the precursor has a possible
141 degrees of freedom (see discussion in sect@2.2). Each degree of freedom has its
own vibrational and associated rotation-vibratienels, and so the laser beam can distribute
its energy in various ways, according to the poaret wavelength in the estimated residence
time. It is thus possible for several chain reardiand chemical pathways to be considered.
The resulting nanostructures that form after anngatan be owed to state preparation as
discussed in section 2.2.2, or a polarization changhe precursor associated with the laser

parameters as discussed in section 1.1.1.
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6.2 Sample Morphology and Topograph

6.2.1Wavelength Variation

The first set of experiments involved keeping tbaver density fixed, and so the direct eff
of laser wavelength could be investigated. The ltesaf the wavelength variation will k
explained with reference to Figure 6.2, which shdkheabsorbance ofhe precursor as a
function of wavelength with the corresponding pafrtthe FTIR transmission spectrum
tungsten (VI) ethoxideThe absorbance of the precursor \obtainedby taking the ratio of
the laser power before la-precursor interaction to ¢hpower observed during la-
precursor interactionfhe figure alsdndicatesthe possible resonant, n-resonant and non-

resonant interaain between laser and precur
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Figure 6.2 The comparison of the FTIR transmittance spectréthetungstetethoxide precursor and the 1,

laser radiation absorbance data of tungsten (W»atle as a function of wavelenc

Morphology studies were carried out using a JedM-5600 Scanning Electron Microsco
which has EDX capability ksitu. The SEM microgghs for the annealed samples prepi
at various wavelengths are shown in AppenB.1l. The sample prepared at 9.22

wavelength and power density of 51.2 W? is shown in Figure 6.3 (a) as an example, \
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its corresponding EDX spectrum in Figure 6.3 ()eTEDX spectrum will be discussed in
conjunction with XRD studies. A study of the morpgy from SEM for the various laser
parameters reveals many different shaped micranandstructures within the thin film after
annealing. The structures observed vary from fibspheres, discs, bundles of fibres, to

structures shaped like &h

Mag = 10.00 K X WD = &mm EHT = 2.00 kv Signal A = InLens

Figure 6.3 (a)The annealed sample prepared at the 9.22 um waytkland 51.2 W/cfn

The growth mechanism that was looked at that ceufulain the formation of the different
shaped nanostructures of different sizes duringeaimg was the Gibbs—Thompson effect
[1], which proposes that the size of the criticatius is dependent on the precursor
concentration and aims to explain the increasew@dt ripening) or decrease (Tiller's
formula) in size of nanostructures. This behavsodepicted in Figure 6.4 and 6.6, as well as
Figure 6.9 (a-b), which shows the sample particte sariation as a function of the laser

parameters.
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Figure 6.3 (b) The EDX spectrum on the area of the sample prdpatr¢he 9.22 um wavelength and constant

power density of 51.2 W/cinwhich shows the presence of calcium (Ca), magnegiMg),
carbon coating (C), sodium (Na), silicon (Si) amtpbur (S), which most probably come from
the Corning glass. The oxygen (O) could have corom fthe substrate and the sample and

tungsten (W) results from the sample.

Before looking at the number of photons absorbethbyprecursor in the residence time, the
number of precursor molecules present in the iotera volume was estimated. Assuming
that the precursor was nebulized into droplets wittadiusr of 2.5 um, the volume of a
droplet sphere (4/3r%) was found to be 6:80"! cn®. The number of molecules present in
each droplet was then calculated by multiplying dheplet volume by the precursor density
to get the precursor mass in the droplet whichfeasd to be 5.410™ g. Dividing this mass
by the precursor molar mass of 454.2 g/mol, andiptyihg by Avogadro’s numbeN,, it
was found that 610" tungsten (VI) ethoxide molecules were presentrie aebulized

droplet.

The interaction volume of the unfocused laser beat29 cni, was divided by the volume
of a droplet sphere. It was found that approxinya#x10'° droplets could fit in the
interaction volume at any given time. Multiplyiniget number of droplets by the number of
precursor molecules contained in each droplet, d@s viound that 32,0 precursor

molecules are present in the laser beam. Fromestimation, it can be speculated that the
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number of photons absorbed by the precursor neas@ant wavelength will be close to
3.2x10°%,

It was found that the precursor absorbed approxiya®.3x10'® photons (calculated by
dividing the power absorbed by the precursor byethergy of the photon, and then dividing
by the residence time of 3.7 ms) from the 9.22 pavelength. The number of photons is
two-orders of magnitude less than the estimatedoenrof precursor molecules present in the
beam which could imply that the residence timeaslong enough to allow for more photons
to be transferred to the precursor. The FTIR spetin Figure 6.2 speculates that the C-O
bond absorbed these near-resonant photons. Thagavephere diameter of the particles
found in this sample measured approximately 355 @mly the spheres were measured
accurately in all the micrographs because the mrafhs gave a good 2D representation of
the structures. The corresponding micrograph shoasy agglomerations and what appear
to be bundles of fibres scattered over the sanii#® will be used to verify if the larger
agglomerations are composed of bundles of fibres.

The precursor was found to absorb approximatelx1®*¥ photons from the 9.32 um
wavelength. The FTIR spectrum reveals that thiigdt®n could be owed to the C-O bond
of the precursor. The average sphere diameteregbditicles found in this sample measured
approximately 163 nm, and it appears when the hs&elength is near the C-C absorption
band of the precursor, the sphere diameters tehd tmaller. It should be noted here that the
relative number of photons absorbed by the precuasahe different wavelengths also
depends on the quantity of that bond in the precutthat is, the C—C absorption peak is
larger than the C—O absorption peak because tmermmare C—C bonds in the precursor as
depicted by the FTIR spectrum. The correspondingagraph shows a uniform distribution

of spherical patrticles.

The maximum absorbance by the precursor was fottdea9.48 um wavelength, where
approximately 3.910'® photons were taken in by the precursor. Accordimghe FTIR
spectrum of the precursor, the C—C bond has agtibsorption near this wavelength, and so
it is speculated that the high absorption is owethis bond. The average sphere diameter of

the particles in this sample was found to be thallest in the range at around 123 nm, as
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measured in the SEM micrograph. The correspondirgograph is similar to the 9.32 um

wavelength, which shows a uniform distribution pherical particles or discs.

The next wavelength that showed high absorbandkebgrecursor was the 9.70 um, where it
was found that approximately 310" photons were taken in by the precursor. The FTIR
spectrum speculates that the C—C bond of the pecabsorbed these photons. The average
sphere diameter of the particles found in this dampeasured approximately 385 nm, which
was similar to the 9.22 pum sample, where the psecwslso absorbed a similar number of
photons. The corresponding micrograph shows a mdorm distribution of random

structures.

Moving up to the 10 um wavelengths, at which noh¢he precursor bonds are resonant,
some interesting results were found. At the 10.t6 wavelength, approximately &80"’
photons were absorbed by the precursor which waspatted. It is speculated that since this
wavelength lies at the end of the C—C absorptiordpthe absorbed photons could have been
channelled into this band. The average sphere déroéthe particles found in this sample
measured approximately 380 nm, which is similath® sphere diameters measured in the
9.22 um and 9.70 um samples. Despite the similanitypverage sphere diameters, the
number of photons absorbed at the 9.22 um andhY@avelengths was much more than
that absorbed at the 10.16 um wavelength. Thisdcagan that the way in which the 10.16
pKm energy photons is distributed into the boncheffirecursor is very similar to the way the
9.22 um and 9.70 um wavelengths distributes itsggné he corresponding micrograph is
similar to the 9.70 um wavelength, which shows a-uoiform distribution of random

structures.

The precursor absorbed 819" photons of the 10.36 um wavelength. It is not rcieso
which precursor bond this energy was distributed, ibecause the FTIR spectrum shows no
absorption band at this wavelength. Furthermoe atrerage sphere diameters were found to
be the largest at this wavelength, measuring iaparoximately 680 nm. A similar pattern
was found for the 10.82 um wavelength at whichx8@’ photons were absorbed by the
precursor, but the chemical bond into which thesetgns are distributed is unknown. The

average sphere diameter was also large in this|saangd measured approximately 560 nm.
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The corresponding micrograph showsstructures scattered over the sample with smaller

rod-like structures distributed between Hhstructures.

The 10.48 um wavelength, which lies somewhere bmtwbe 10.36 pm and 10.84 pm,
showed no observable absorption of photons. It aggpéhat the laser beam just passed
through the precursor unaffected, but it was fotiad this sample did show spheres with an
average diameter of 440 nm. In the absence of lagdr the annealed sample did not show
nanostructures, so it is safe to assume that lagerdoes contribute to the formation of
nanostructures even when the light is not absorbled.Grotthus-Draper law is disobeyed in
this case, which implied that neither a photophaisior photochemical process was possible,
and so it can be speculated that the laser enagiitdted for state preparation which caused
the distribution and growth of the observed namnmstires. The corresponding micrograph
shows a uniform distribution of spheres or discsoss the sample and a mixture of

agglomerations and fibre-bundles.

For the 10.82 um wavelength, 810"’ photons were absorbed by the precursor, but the
chemical bond into which these photons are disteidbis unknown like the previous sample.
The average sphere diameter was also large irsdinigple and measured approximately 560
nm. The corresponding micrograph shows many randtmnctures and agglomerations

scattered over the sample.

The non-resonant interactions appeared to prorheteotmation of larger nanopatrticles. This
could have occurred because the latent heat sdpplithe precursor decreased as a result of
the non-resonance with the laser wavelength, teasedsing the evapouration and nucleation
rate, which leads to a greater growth and agglomoeraate during annealing [1]. It is thus
speculated that resonant interactions between dekprecursor causes a higher spontaneous
reaction temperature, which induces the formatiosnaller nanoparticles. This is a sensible
speculation, as there are multiple vibrational lewe the precursor and the photons that are
resonant or near-resonant with these vibrationatlsecauses more and more excitations,
such that the temperature of the system increasegly. This result is further confirmed by

the large number of multiphotons absorbed in thergtime.
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The average sphere diameters as a function of gt are tabulated in Figure 6.4.
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Figure 6.4 The average spherical particle sizes as a fundfievavelength at the 51.2 W/émower density.

To verify if the nanostructures shown in Figure @3 contain bundles of fibres, TEM was
carried out using a Jeol JEM-2100 Transmission tElacMicroscope which has EDX
capability in-situ. The TEM micrograph with the oegponding EDX spectra is shown in
Figure 6.5 (See Appendix C for TEM micrographs &miX spectra). The EDX is shown to

confirm that the sample is the tungsten oxide iesjon and not an impurity.

The TEM shows a tungsten containing nanorod in fegu6.5. This structure possibly
confirms the presence of fibre-bundles which cowdde separated during sonication. The
copper (Cu) in the EDX spectrum result from thepmpgrid on which the sample sits, and
the potassium (K) and calcium (Ca) probably refuolin the glass substrate. Calcium was

also confirmed in the EDX spectra from the Scaniilegtron Microscope.
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Figure 6.5 (a)A TEM micrograph showing a nanorod afj the EDX spectrum taken of the rod.
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6.2.2Power Variation

The second set of experiments involved keepinguéreelength fixed so the direct effect of
power density could be investigated. The SEM miaplhs corresponding to these laser
parameters are given in Appendix B.2. The morphplaitthe power varied samples showed
many similarities to the wavelength varied sampbesbably due to similar state preparation
by the laser parameters. Unlike the previous erpent with varying laser wavelengths, all
the photons in this experiment have the same en@dp.6pum photon has an energy of
1.88x10%° J) and the precursor appeared to always absordl@9photons in 3.7 ms,
irrespective of the power density. This behavioaswliscussed in section 1.1.2 on linear and
nonlinear absorption by a material system. Accaydmequation (1.3) for linear absorption,
the absorption by the precursor is independenh@fidser intensity. In this case the number
of photons absorbed by the precursor does not appezhange constantly or is not laser

intensity dependent, and so it follows the relatop in equation (1.3) for linear absorption.

The average sphere diameters as a function of pdemsity are tabulated in Figure 6.6. It
was established that the precursor appears torlynabsorb the 10.6 pum photons and this
result can be explained by referring to regionrl Eigure 1.6 which shows the transitions
involved in multiphoton infrared absorption. Thegyion is characterized by quasi-continuum
behaviour, and so successive photons can be abisortee series of energetically allowed
single-photon transitions where energy is conseatezhch step. This allows the molecule to
exist for a short lifetime at each step before diisg the next photon. This implies that
excitation through this region does not necessita¢eincreasing photon flux, which is the
case with increasing power at constant waveleragtti,so the number of photons absorbed in
a given time remains relatively constant. Howeteg, changing flux can possibly induce a
change in the series of steps and its associdietimes, leading to the various types of
structures formed, and their respective sizes. dlerall average sphere diameters for the
varying power density samples were found to be 4J%aller than the average sphere
diameters found for the varying wavelength samplédss could be due to the way the

vibrational levels are excited according to the @lamgth and photon flux.
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Figure 6.6 The average spherical particle sizes as a fundfigower density at the 10.6n wavelength

From Figure 6.6, it appears that the average spti@meters changes sinusoidally with
increasing power density, which was unexpectedespuarticle sizes usually decrease with
increasing power density [79]. Another explanafimnthis behaviour could be the result of a
competing photochemical and photophysical procedbes is brought about by the
combination of laser wavelength and power, andphtiréicle sizes depends on which process
dominates. The overall lack in trend can be owegtsonant, near-resonant and non-resonant
processes (laser wavelength), and photon distabutiithin the precursor vibrational levels

(laser beam intensity), or a combination of both.

6.3 Sample Phase Composition and Crystal Structure

Crystallographic studies were carried out using haligd Xpert powder diffractometer

equipped with a Cukwavelength of 154.184 pm, on the prepared samples.diffraction
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angle of the x-ray source was varied frofrt® 95 for an exposure time of 15 minutes. The
corresponding XRD spectra for the samples preparegrying laser parameters are shown
in Appendix D.1. Figure 6.7 shows the XRD spectfiamthe sample prepared at 9.22 um
wavelength and power density of 51.2 W#cronorresponding to the SEM micrograph in
Figure 6.3 (a). The combinations of XRD peaks iae $ipectra were compared to standard
Powder Diffraction Files (PDF) to identify the mgsbbable phase and composition. In the
case of tungsten oxides, it was noticed that XR&kpet smaller diffraction angles refers to
the abundance of oxygen, while XRD peaks at thgeladiffraction angles refers to an

abundance of tungsten. The XRD results for allgheples are tabulated in Table 6.1 with

each samples most probable PDF number and phagmsition.

The PDF numbers, phase and composition of the sjmoreling samples are shown on the
XRD spectra for the various laser parameters (sgeeAdix D.1 and D.2). The samples
matched spectra with either monoclinicor triclinict phases, with various ratios of tungsten
to oxygen compositions at the different laser patans. Most of the samples had a
crystalline arrangement as seen by the strong peake XRD spectra, and the broad peak
between 1%5and 46 diffraction angle resulted from the nanocrystalimrangement of the
silicon oxide substrate. The 60 W/trand 85 Wi/crh power density samples could not be
positively identified due to the substrate conttibi, and so Raman spectroscopy will be
used to verify the compositions.

It is known that tungsten oxides can self assenile many stoichiometric and non-
stoichiometric compositions and phases, dependmghe conditions under which it is
prepared. According to the XRD analysis, thes®s (WO, 7, Magneli phase) [38, 110]
appears to be most stable and preferred stoichigroétthe prepared samples at 800n

inert atmosphere as shown previously [36].
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Figure 6.7 The XRD spectrum for the post-annealed sample,goegpat the 9.22m wavelength and 51.2
W/cn? power density.

The impurities that were found in the glass by EP¥gbably stabilized the tungsten oxide
crystal structure during annealing, as the XRD peakd PDF did suggest that the tungsten
oxide was combined to potassium and calcium. lalg® not known at this stage if the
impurities could have promoted the growth of theiouss structures observed in the SEM
micrographs [111]. It was found that only the 1048 wavelength sample resulted in the
formation of monoclinic W@ and it was observed in the previous sectiontti&iprecursor
absorbed no photons at this wavelength. This wagéteprobably caused the formation of
the different nanostructures on the substratedlslhot induce any photochemical reactions
(in agreement with the Grotthus-Draper law) on Iasis that annealing the tungsten (VI)
ethoxide precursor above T@0forms WQ [108].
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Table 6.1.The results obtained from the XRD spectra forthiged set of laser parameters.

Wavelength Variation (Pgensiy = 51.2 W/cn)

Power Density Variation A = 10.6 pum)

Wavelength, PDF number Composition Power PDF number Composition
2 (um) Density, Py
(W/cm?)
9.22 00-005-0392 MVt-W1g049 17 00-041-1431 m/t-CaWwQ,
9.32 00-013-0057 m/t— 26 00-021-0696 mM-K,WO,
NaWO,4.2H,0
9.48 00-012-0727 (Fe) WO 34 00-033-1387 mWOs3
9.70 00-041-1431 m/t-CawQ, 43 00-033-1387 mWOs3
10.16 00-005-0392  m/t-W15049 51 00-005- mVt-W1g049
03792
10.36 00-027-0789 t- MgWOq, 60 No match -
10.48 00-033-1387 mMWOs; 68 00-005-0381 m/t-W10029
10.82 00-005-0392  m/t-W15049 77 00-005-0386 mVt-W;100z9
85 No match -
m = monoclinic phase 94 00-021-0696 mM-K,WOy,
t = triclinic phase 100 00-032-0696 mMWO,
110 00-032-0696 mMWO,

It is worth mentioning here that the XRD spectra ¢@ used to determine the average

particle size of crystals making up the nanostmestuThe samples prepared here, however,

do not have a distribution of uniform structuresd &o the results obtained are an average

over all the different structures. The formula usedlo this estimation is called Scherrer’s

formula [112], which is given by (see derivationAppendix E)

0.94

g =
B cos 6’

(6.1)

wherego is the thickness of the crystallites in the samples the incident x-ray wavelength,

0, is known as Bragg’s angle (the angle that saidliengg’s law) ang is the angular width

in radians, measured at an intensity equal tothalmaximum intensity.
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By fitting a Gaussian function to the most intepsek of a XRD spectrum, the anglg and

the full width at half maximung at this angle can be extracted. Since the x-rayeleagth
(154.184 pm) is known, an estimate of the crysitzé¢ n each sample can be made from
Equation (6.1), and then used to draw comparisoitis 8EM measurements. Looking at
Figure 6.7, the most intense XRD peak is founddat 25.4, so zooming into this part of the
spectrum looks like that shown in Figure 6.8. Fitte this data is a Gaussian curve, and the
relevant data is extracted. After converting theadeom degrees to radiang,was found to

be 1.6%10° rad andd, was found to be 0.22 rad. Inputting these paraménéo Scherrer's
formula, the average crystallite size in this samplfound to be 86 nm+12%, which is 25%

smaller than the average sphere diameter measuted SEM micrograph.
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Figure 6.8 A zoomed in view of the most intense XRD peak gfufé 6.7 with a Gaussian fit to this peak. The
full width at half maximum, and the angle at whitle peak is most intense, are then extracted and

converted to radians.

The Scherrer analysis was carried out on all th®>Rectra and the estimated crystal sizes
for each sample wavelength are illustrated in Fgar9 (a) and the estimated crystal
thickness for varying power density samples atestithted in Figure 6.9 (b). Note the points
at the 60 W/crhand 85 W/crhon Figure 6.9 (b) could be outliers, as there wereenough
intense peaks in the respective XRD spectra, amdetiwo samples could also not be
identified with XRD.
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Figure 6.9The particulate sizes for the samples shown irStEkl micrographs above, were calculated from the
XRD spectra for the respective samples and Schef@mula, for the variouga) wavelengths at

the 51.2 W/crhpower density an¢b) power densities at the 10u6n wavelength.
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6.4 Sample Vibrational Information and Molecular Identification

The combinations of Raman peaks in the spectracangpared to literature and known
samples to identify vibrational information thatsigecific to chemical bonds and molecular
symmetry. The combination of Raman peaks in a sp@ctacts as a fingerprint in

identifying a molecule. Raman spectroscopy is acekent tool for identifying tungsten

oxides because the different phases and ratiosirajsten to oxygen can be accurately
determined. The most probable composition for esghple is shown on the corresponding
Raman spectra, and the samples that were not wstalline gave Raman spectra with a low

signal-to-noise ratio.

There are three wavenumber regions that can beidudited in the Raman spectra of
tungsten oxide crystalline phases [38, 113-115]e Tinst region is found at very low
wavenumbers (<200 cf), and is associated with lattice mode vibrationsmf WQ;
octahedra units within the same unit cell. Ramakgdound at ~143 chis characteristic of
monoclinic () phase W@ while Raman peaks found at ~183 tris characteristic of

monoclinicm phase or triclinict] phase WQ

The second region is found at intermediate wavemus200-400 cif), and is associated
with O—-W-0 bending modes features. Raman peaksdfan-207 crit or ~275 crit is
characteristic of monocliniax{) phase or triclinict] phase W@ and Raman peaks found at
~271 cm'® or ~321 cnit is characteristic of crystalline W(ORaman peaks found at ~308tm
is characteristic of monoclinion) phase W@ while Raman peaks found at ~349 tm

represents a Wgyroup.

The third region is found at the higher wavenumi§@e®-900 crit), and is associated to W—
O stretching modes. Raman peaks found at ~626 isncharacteristic of hydrated tungsten
oxide, such as W§L/3H,0. Raman peaks found at ~645tor ~678 crit is characteristic
of monoclinic () phase W@ and Raman peaks found at ~712'cand ~806 cm is
characteristic of crystalline W{the latter wavenumber positively identifies thregence of
WOs). Raman peaks found at ~775 tris characteristic of tetrahedral borate and (WO

groups, and is confirmed if a Raman peak is preaert945 crit. Raman peaks found at
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~960 cm' is characteristic of terminal W=0 stretching moaled the presence of a hydrated

and nanocrystalline tungsten oxide.

To tie up and find correlations with the XRD an@dyfkaman spectra was obtained using a
Jobin-Yvon T64000 Raman Spectrograph with a wagtleof 514.5 nm from an argon ion
laser set at a laser power of 0.384 mW at the saniplorder to minimize local heating
during the Raman analysis. Raman spectroscopy msiscérried out on a blank Corning
glass (silicon oxide) substrate to eliminate itsitabution to the Raman spectra of the
samples. The Raman spectrum of the Corning glasgsiRaman peaks are shown in Figure
6.10.

Intensity (arb. units)

500 1000 1500 2000 2500

Wavenumber (cm")

Figure 6.10The Raman spectrum of a cleaned corning glassraisst

The corresponding Raman spectra for the sampleshteren in Appendix F. Figure 6.11
shows the Raman spectrum for the sample preparéd2at um wavelength and power
density of 51.2 W/ch corresponding to the SEM micrograph in Figure )3 The results

obtained from the Raman spectra are tabulatedbeTa2.
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Figure 6.11The Raman spectrum for the post-annealed sammpaped at the 9.22m wavelength and 51.2
W/cn? power density.

Looking at the wavelength varied samples, the @82and 9.48 um wavelengths appeared
to favour the formation of hydrated WOwhile the 10.48 um wavelength favoured the
formation of crystalline W@ The wavelengths above 10.48 um led to the foonatf a
mixture of WigO49 (WO, 72 Magneli phase) andWO;3, but XRD peaks suggest that; 39
appears to be the more stable stoichiometry ofdi@mgoxides.

Looking at the power varied samples, the 26 W/sample did not show enough peaks to
match a tungsten oxide stoichiometry, and the 66rsample could not be identified for
similar reasons. For the power density variatianappears that the formation of W@
favoured at the 10.6 pm wavelength [2], as welk@schiometries close to Wsuch as
W310029 (WO, 9 Magneli phase), as expected. These results shave smrrelation with

XRD.
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Table 6.2.The results obtained from the Raman spectra fovénied set of laser parameters.

Wavelength Variation (Pgensity = 51.2 W/cnf) Power Density Variation (A = 10.6 pm)
Wavelength, 4 (um) Composition Power Density, Py (W/cm?) Composition
9.22 MVt-W1g049 17 MVt-W1g049
9.32 m/t-W0Os.1/3H,0 26 -
9.48 m/t-WO3.1/3H,0 34 m-WOj3;
9.70 MVt-W1g049 43 mWOj3;
10.16 M/t-W1g049 51 MVt-W 16049
10.36 MV/t-W1g049 60 -
10.48 mWO; 68 mWOj3;
10.82 mVt-W1g049 77 m-WOj3;
85 M/t-W10029
m = monoclinic phase 94 MVt-W10029
t = triclinic phase 100 m-WO;3
110 mMWO;

6.5 Repetition experiments at the Higher Power Regie

From literature, it was found that tungsten triexidanowires were produced by laser
pyrolysis [2, 21], and an attempt to obtain the saesult was carried out here. From the
literature [21], the quoted tungsten (VI) ethoxmlecursor concentration was 27.23 uM (5.4
mg tungsten hexachloride in 500 mL ethanol), treedavavelength was 10.6 pum and the
power density was 2.2 kW/énf50 W power in a beam waist of 1.2 mm). Inserting laser
parameters from section 4.4.3 for the focused lasam into equation (5.1), and noting that
= 2.5 mm, the interaction volume was found to be8410° cn?’. The stated flow rates for
the precursor carrier gas (oxygen), acetylene agahagas were 8 sccm, 8 sccm and variable,
respectively, for the same experimental setup usethis study. This means that the
residence time in this particular experiment wasris, which is believed to be equivalent to

the metastable state lifetime in an excited gas.

After several attempts using the quoted experinhgggeameters, no film or nanostructures
were observed under SEM. It is believed that tiserdpancy resulted from the relative flow
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rates which were found to be impossible to emulath literature, despite using the same

setup.

The flow rates were then varied but the result iapththe same. The only factor that could
have led to this result is the relative densityhaf precursor, and so it was decided to use the
more concentrated precursor of 2.5 mM from the iptess experiments (concentration is
proportional to density). Using the 2.5 mM tungstel) ethoxide precursor at the flow rates
stated in the literature, again led to no resuliai@ing the flow rates to those stated in
section 6.1 and using the literature’s laser pataradinally led to the formation of products,

but the products differed from literature.

At the higher power densities, the linear absorpbehaviour appeared to be consistent with
what was seen at the lower power densities. Theuper again appeared to always absorb
1.9<10" photons, even in the 1.4 ms residence time. ltsea® in section 1.1.2.3 where the
steady-state response of an atom to a laser fiaklderived, that the saturation intensity of
an atomic transition is very low. The relaxatiom @alephasing time of the precursor used here
has not yet been determined, but the results stgfugisthe 2.2 kW/cfis probably more
than the saturation intensity of the atomic traosiin the short residence time, based on the
linear response of the precursor to the laser .fieldwever, this only holds true if the

precursor is a saturable absorber, which is unoeatahis stage.

It was also noticed that the thin films that fornmdthe substrates in this set of experiments
was less dense than the thin films formed at thveetopower density. Apart from the

multiphoton absorption by the precursor, it seeha the increased temperature gradient,
which is proportional to the laser power, becomeserprominent in the laser—precursor
interaction. This is expected to cause many unddkaeaction pathways towards product
formation, and so it is expected that the stat@aration by these laser parameters will be

very different from the low power density experirtgen

The SEM micrographs of the pre-annealed samples, laker pyrolysis was carried out, are
shown in Figure 6.12. The sample is uniformly dlstted with patches composed of smaller
structures. As was expected, the distribution bfadeed’” material could be owed to the state

preparation influenced by the high power densitgnéaling this sample should lead to the
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uniform growth of interesting structures, as it véagn before filess dense and uniform
distributed patches of agglomerations on the sasrigle

Tilt Corrn. = Off FIB Lock Mags = No Signal A= InLens  Date :11 May 2010 Time :13:53:0
FIB Imaging = SEM FIB Pixel Size = 152.8 nm EH 2.00 kv System Vacuum = 3.72e 004 Pa
FIB Scan Rot Pixel Size .92 nm

FIB Probe = 30K\W:50 pA Neon 40-35-29 Moise Reduction = Line Avg CSIR NANO

Figure 6.12 SEM micrographs of the p-annealed sample, at 5000 times magnification, peepat the 10.

pm wavelength and power density of 2.2 kW,

After annealinghe sample shown in Figure 6.12 for 17 hours a°C, it was found that s-

sided stars grew out of the patches that are comglpafssmaller structures. Figure 6.13 shu
the SEM micrographs of the stars (see ApperG for more SEM micrographs of th
sanple). From the micrograph, it looks like the ststat to form on the agglomerated pa
and slowly grow out away from the agglomerationjlevbonstantly being fed by the mater
in the agglomeration over time. It is not yet knorthe predominanvalency of +6 of

tungsten has any correlation with the number césitiat the stars prefer to fo
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Mag= 11.23 K X Tilt Corrn. = Off FIB Lock Mags = N; . Signal A = SE2 Date :13 May 2010 Time :16:54:29

WD = 5.1 mm Tpm FIB Imaging = SEM FIB Pixel Size = 1 EHT = 2.00 kv System Vacuum = 1.51e 004 Pa

1 FIB Scan R .0 Pizel Size = 10.20 nm
Width = 10.44 pm FIB Probe = 30KV:50 pA Neon 40-35-29 Noise Reduction = Line Avg CSIR NANO

Figure 6.13 SEM micrographsx 11230) of the post-annealed sample showing ths $tat formed during
annealing, prepared at the 10.6 pm wavelength anepdensity of 2.2 kW/cfn

The growth mechanism that is proposed for star§,[5ee Appendix H] is based on the
concentration difference and gradient (CDG) techeid’ he CDG technique speculates that a
high local concentration of one reactant mixed veittow concentration of another reactant
under ambient conditions, where the high conceaotrafavoured the thermodynamic
conditions for crystal growth and the low concetnbra resulted in a diffusion-controlled
kinetic environment for growth of hierarchical sttures. This mechanism was chosen
because the laser beam profile contains regiongmying intensity, which could lead to the
concentration difference in dissociated precur&ad].

At another region of the sample containing thesstarthin film of orderly slabs was found,
with numerous nanowires in between the slabs astéen Figure 6.14. This was similar to
what was expected from literature [21] which wdasirated in Figure 2.2. However, it
appears that the more concentrated precursor (83 tmore concentrated) used in this
experiment, provided a surplus of dissociated radtefter laser interaction, and so rapid
growth resulted during annealing. The proposed m@wgsm that was used to explain this
growth of such structures was the Solid-Vapour<iVS) mechanism [21, 45], which was

proposed because no catalyst for the growth ofetls#sictures could be identified with
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certainty, and there was an inverse proportiondhiggween length and diameter of the

nanowires.

Tilt Corrn. = Off FIB Lock Mags = No Signal A = SE2 Date :13 May 2010 Time :17:08:12
FIB Imaging = SEM FIB Pixel Size = 152.8 nm EHT = 2.00 kv System Vacuum = 1.41e 004 Pa
FIB Scan - i 14.83 nm

FIB Probe = 30K\:50 pA Neon 40-35-29 Moise Reduction = Line Avg CSIR NANO

Figure 6.14SEM micrographs of the post-annealed sample shosimigtures growing between slabs, at 10130
times magnification, prepared at the 10.6 um wangile

XRD studies were then carried out on the samplewshin Figure 6.13, and the
corresponding XRD spectrum is shown in Figure 6THe XRD peaks were very weak, but
it was still possible to find a PDF matching thisestra. The most probable chemical
composition was found to be,¥WO, (PDF number 00-024-0905), which raises the questio
as to whether potassium from the substrate (whia$ seen in the EDX spectra) catalyzes the
growth of tungsten oxide nanostructures as obseyeld11]. The grain or particulate size
was calculated from the XRD peak af 4hd Scherrer’'s formula, and found to be 467.9 nm
+5%.
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Figure 6.15 The XRD spectrum for the post-annealed sample contathe stars, slabs and the growths

between the slabs.

Raman studies were carried out to verify the comtiposof the samples at the higher power
density. The Raman spectrum is shown in Figure @ot6various spots on the sample,
covering the stars, slabs and growths betweenldhs.sThe wavenumbers at 224 tn288
cm® and 320 cnt suggests the presence of varying grain sized Y¥@6]. The Raman peak
at 700 crit suggests the presence of a YWi®mpound, but the lack of the peak at ~800'cm
confirms that the product is not a tungsten triexiand so the most probable stoichiometry is
a Magneli phase that's close to \ADngsten to oxygen ratio [45, 114]. The peak & @&*
represents a terminal W=0 stretching mode of adtgdrand nanocrystalline tungsten oxide
[113]. The most probable composition of the anadygample according to XRD and Raman
spectroscopy isn+W1gOse. Note that the peak at 700 ¢nis asymmetric and makes it a

candidate for phonon confinement but it was decit@do cover this topic in this study.
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Figure 6.16 The Raman spectrum for the post-annealed sampl&inomg the stars, slabs and the growths

between the slabs.

6.6 Conclusion

Laser pyrolysis was carried out at different laggewers and wavelengths to investigate the
dynamics of the laseprecursor interaction and its corresponding infeeeon morphology
and formation of nanostructures. SEM and TEM weseduto carry out morphology studies
on the samples and to measure the size distrilmutbthe spherical structures in the sample.
XRD was used to determine the phase and composifidghe sample material, and it was
also used to obtain an average size distributidghetamples using Scherrer’s formula [112].
Raman spectroscopy was successful in identifyingtrabthe sample compositions and there
was also evidence of phonon confinement observesoine samples by the asymmetric

peaks. EDX was also used to confirm the presencertdin elements in the samples.

It was found that resonant and near-resonant qyarlg of laser wavelength with an
absorption band of the precursor resulted in thatridution of smaller nanostructures,

whereas non-resonant overlapping showed an incieae sizes of nanostructures. The
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precursor showed linear absorption of laser powke resonant and linear behavior of the
precursor resulted in the lack of any trends. Liragal nonlinear optical processes, as well as

photochemistry and photophysics were evident ferdiffferent laser parameters.

W1g049 six-sided stars were grown for the first time lagdr pyrolysis, and the growth
mechanism used to explain the formation of thesstars the CDG mechanism. Even though
nanowires were grown previously using the samer lgs#rameters, the change in
concentration appeared to have made all the difterelt is known that the very dilute
precursor used to make the nanowires, was tooeditutfollow the CDG mechanism and
follows the SVS mechanism instead. However, whengua 93 times more concentrated
precursor, the CDG mechanism is applicable, ankies@rchical structures tend to grow. It
was speculated previously that potassium, which prasent in the substrate according to
EDX, could have catalyzed the growth of the sthiis. not yet understood if the predominant

valency of tungsten, which is +6, influenced thenber of sides on the stars.

The results have shown the basics of the complearmics involved when a polyatomic

molecule with 141 vibrational modes interacts watliar infrared laser beam. The possible
structures that can be grown by this technique wbovn, as well as the different tungsten
oxide compositions. The technique does appear i@ hmtential as a nano-synthesis
alternative, and by applying it to make other matsy discloses remarkable capabilities.
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Chapter 7

Conclusions and Future Work

In Chapter 1, the advancements in the emergind fiélnanoscience and nanotechnology
were covered. One material that stands out infithlid is tungsten trioxide, and it was shown

that the size of this material down to the nanasa@afluences its properties. The methods
used to produce this material on the nanoscale Wwigldighted, and the laser pyrolysis

nanosynthesis method was one of the recommenddtbdsetLaser pyrolysis began as early
as 1975, and the progress thus far was lookeaats@some perspective for this project was
brought into light. In this dissertation, it wasosin that laser pyrolysis was successful in

making tungsten trioxide and tungsten oxide nanerr@s with many different shapes.

This is the first work that attempts to understémel effects of wavelength in laser pyrolysis.
The study revealed that resonant and near-resopardesses between the precursor
absorption bands and laser wavelength gave snralsostructures when compared to non-
resonant processes which gave larger nanostructlifes resonant and non-resonant
processes also influenced the trend in nanosteidiznes. The chemical compositions that
came out for the different wavelengths appearqudter the WsO49 composition. The 10.48
pum and 10.6 um wavelengths exhibit threshold effactd favoured the Wi omposition.
The variation in power did not show the expecteddrin size variation, which is increasing
structure size with increasing power density, dmd tvas verified using the multiphoton
infrared excitation theory. The chemical composisidhat came out for the different power
densities appeared to prefer the WOmposition and threshold effects began to shotleat
34 Wi/cnf power density.

In Chapter 2, the theory on light and laser—mattiractions was dealt with from a linear
and nonlinear optical process perspective to tlwguysical and photochemical processes,
and formed the critical point of this study. Therigas photophysical processes were
illustrated and the possible photochemical schemese outlined. The exception of the
Stark-Einstein law was detailed, where infrared tipbbton absorption and excitation is

possible, and this theory was explained using lgirdiatomic molecule. The theory on the
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diatomic molecule was insufficient in explainingtmore complex precursor compound, and
it was observed that for a polyatomic compound ttteory becomes very complicated as

more dynamics are involved when the number of nuddscincreases.

In Chapter 3, a broad overview of the charactddmatechniques that was used to identify
and examine the produced nanomaterial was giveatd¢hniques that were used are FTIR,
Raman spectroscopy, XRD, EDX, TEM and SEM. Theiappbns of these techniques were
discussed in Chapter 6 to explain the experimeasallts.

In Chapter 4, the PL6 CQaser that was used and the theory of how it apenaas covered.
The scanning slit technique and the pyrocam tecienigas used to determine the parameters
of the laser beam. The PL6 laser produced a beatmths not near-Gaussian before and
after the focal plane of a focusing mirror, andtBe scanning slit method could not be
implemented. The pyrocam method became the pritegitynique to characterize the beam.
The beam waist was found to be 1.05 mm using aradis of curvature mirror while the
unfocused beam was found to have a beam waistlafr@m. The beam quality factor was
4.93 and the beam was found to diverge quicklyetgmlarization theory was introduced
and a polarization based attenuator was used &vndiete the polarization of the laser beam.
It was found that the beam had 93% vertical poddion and 7% horizontal polarization. The
PL6 laser is wavelength tunable and a,Gpectrum analyzer was used to map out the

wavelength spectrum.

In Chapter 5, the laser pyrolysis experimental m@thogy and setup was illustrated, and the
cross-flow geometry was chosen as the best. Thetioaachamber operates at atmospheric
pressure in this experiment whereas most of tlealiire reports on pressure-controlled
reaction chambers. The lack of pressure monitansgle the chamber would have lead to
the discrepancies observed in the repetition ewxparis from literature to that observed

experimentally.

The interaction volume (the volume of the laserupoed by the precursor) was found to be
0.29 cnf for the 6.11 mm beam waist. It was estimated 3n2t10** tungsten (V1) ethoxide
molecules were present in the interaction volunietiwel number of photons absorbed in the

residence time were two orders of magnitude lems the number of molecules.
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The process and reaction steps for making the tend¥1) precursor were discussed and the
properties of the precursor were determined. Theulzion revealed that the precursor had
141 degrees of freedom which gives an idea of themptexity of such a compound,
especially when interacting with a laser. A moreaantrated and dense precursor was made

(2.5 mM) as well as a more dilute and less denseupsor (27 LM).

The use of a larger beam waist created a longelerese time (time precursor spends in laser
beam) to determine threshold effects, and it iselsetl that the residence time in this case
was equivalent to the metastable lifetime of thecprsor gas. On the other hand, when the
smaller beam waist was used, the residence tinbelisved to be less than the metastable
lifetime of the precursor gas. This result couldéanfluenced the “state preparation” of the

laser pyrolyzed material before annealing.

In Chapter 6, for the wavelength and power vari@oh@es, SEM showed different shaped
nanostructures. Some structures appeared to bddsuoidrod-like structures, so TEM was
used to verify this and found that there are r&d-Btructures as suggested. XRD was used to
obtain an average size distribution for the lasarameters, and this was done using
Scherrer’'s formula. There was good agreement whenresults from Scherrer's formula
were compared to the measurements made by SEM. XRBan spectroscopy and EDX
were successful in obtaining the chemical compmsstiof the synthesized material and
showed good correlation. The threshold wavelengfiorm WQ; was observed around 10.48
pum and 10.6 pm and threshold effects of power tengis observed at 34 W/ém

It was found that a repetition of the experimentsliterature to make tungsten trioxide

nanowires could not be achieved; it thus goes lbadke pressure in the reaction chamber
during the experiment, which is believed to be mpartant parameter in this process.
However, using a more concentrated precursor ainereased flow rate resulted in the

formation of tungsten oxide nanostars for the finste. The growth mechanism chosen for
the stars was the concentration difference andigmachechanism which applied in this case
for the higher concentrated precursor, whereagptbposed growth mechanism for a dilute

precursor was the solid-vapour-solid mechanism.

The future work will involve the study of the phgal, electrical and optical properties of the

synthesized products that were obtained and predémre. Techniques such as atomic force
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spectroscopy and ultraviolet spectroscopy can bgliegb on the sample at different
temperatures. When all the properties have beerrdeted, the materials can be tailored to
make specific devices, where all the properties lsanharnessed. Another aspect to be
considered is the scalability of the laser pyraysrocess, which can be engineered in the
future since laser pyrolysis appears to be a piomisnethod for nanotechnological

advancement.
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Appendix A

Steady-State Response of a Two-Level Atom to a Motloromatic Field
A.1 Density Matrix Equations of Motion for a Two-Level Atom
The density matrix equations for the motion of adevel system in the absence of damping
effects will be considered. There is no unique wagwever, to include damping in the
model, because damping mechanisms can be veryratiffeunder different physical
conditions. The formulation that follows, serves asstarting point for the inclusion of
damping by any mechanism.
The Hamiltonian for this system can be represeasel®6]

H=H,+V(), (A1)

where f, denotes the atomic Hamiltonian akdt) denotes the energy of interaction of the

atom with the electromagnetic field. The energiethe states andb are denoted as
Ea = Fl(,()a and Eb = Fl(,()b. (AZ)

The Hamiltoniand, can thus be represented by the diagonal matri jtarelements can be

given by
HO,nm = EpnSpm. (A3)

It is assumed that the electric dipole approximmatan adequately describe the interaction
energy, and so the interaction Hamiltonian is gibbgn

7(t) = —pE(0). (A.4)
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It is also assumed that the atomic wave functi@mrsesponding to the stateasandb have
definite parity, such that the diagonal matrix edentsj are eliminated, and 9Q,, = U =
0. From this, it follows that

Vaa = Vb = 0. (A.5)

The only elements of that are not eliminated af,, andV,,, which can be written

explicitly as

Vpa = Vap”™ = —tpa E(L). (A6)

The state of the system can be described by meaasdensity matrix, which is given

explicitly by
~A Paa  Pab
P = pva Pbb]' (A7)

where pp, = pap”- The time evolution of the density matrix in thibsance of damping

effects is given by

-~

. _i A _i A b H
Pnm = N [H’ p]nm - N [(Hp)nm B (pH)nm]

—i
= YZ(anpvm - panvm)- (A- 8)
v

The decomposition of the Hamiltonian into atomid amteraction parts (equation (A.1)) are

introduced into equation (A.8), and is given by
) —i
Prnm = —WnmPnm — 72(%vpvm - pnvv;/m); (A.9)
v

where the transition frequen€y,,,, = (E, — E;,) /1) has been introduced.
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For the case of the two-level atom, the indinem andv can take the valuesandb only,

and the equations of motion for the density matements are given explicitly by

[

Pba = —WpaPpa + tha(pbb - paa); (A' 10 a)
. i

Pob = E(Vbapab — PvaVan), (A.10 b)
. i

Paa = ﬁ (Vabpba - pabea)- (A- 10 C)

It can be seen by inspection that

Pob t Paa = 0, (A.11)

which implies that the total populatidp,;, + p..) iS @ conserved quantity. The definition of
the density matrix reveals that the diagonal eldmearf p represent probabilities of

occupation, such that

Paa + Prp = 1. (A12)

Due to the relatiop,;, = p,,”*, N0 separate equation of motion is requirecpfgr.

Equations (A.10 a-c) constitute the density magguations of motion in the absence of
relaxation processes for a two-level atom. Thesmtaons provide a description of resonant
nonlinear optical processes in the absence ofagtaxprocesses. An example of such a case
occurs for the material excitation with short lagelses, where the duration is much less than
the material relaxation time. The next section ce\the case where relaxation processes are

taken into account.

A.2 Closed Two-Level Atom

The relaxation processes for a closed two-levetesyss illustrated schematically in Figure
A.1, where the upper and lower levels are not albwo exchange population with each
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other. It is assumed that the upper ldvelecays at a ratg,, to the lower leveh, such that
the lifetime of the upper level can be writtenTgs= 1/T,, [86]. The decay of the upper
level would typically be due to spontaneous emigsand this system is called a closed
system, because any population that leaves ther lgypa, enters the lower level. It is also
assumed that the atomic dipole moment is dephastu icharacteristic timB,, leading to a

transition line width (in the case of weak appliiedds) of characteristic width,, = 1/T,.

b

Figure A.1 Relaxation processes of the closed two-level 486h

The relaxation processes can be described matleathgtiby adding decay terms to

Equations (A.10 a-c), and are given by

. 1 i

Ppa = — (wba + T_Z) Pba + EVba(pbb - paa): (A' 13 a)
) —Ppp 1

Pvp = T, & (VbaPab = PraVan), (A.13 b)
. Ppp 1

Paa = T_l + ﬁ (Vabpba - pabea)- (A- 13 C)

The forms of the relaxation terms that were inctude equations (A.13 a-c) will now be

justified. By inspection it can be seen that thedition

Pob t Paa = 0, (A.14)
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is still satisfied.

Since the population differen€g,;, — p,,) in equation (A.13 a) depends on the populations
ppp @ndp,, only, it is useful to consider the equation of iotthat satisfies this difference.
Firstly, to formulate the equation of motion, egoat(A.13 c) is subtracted from equation
(A.13 b) to give

i( _ ) = —2ppp
dt Ppb Paa Tl

20
- % (Vbapab - pbaVab)- (A- 15)

The term—=22 can be rewritten using the relati@p,;, = (p,, — paa) + 1 (Which follows

-2p
Ty

from equation (1.16)), and is given by

(Pob — Paa) +1 20
Taa - % (Vbapab - pbaVab)- (A- 16)
1

d
E(pbb — Pag) = —

This relation can be generalized by allowing thegtaility that the population difference in
thermal equilibrium(p,, — pae)€? can have some value other thah, which is the value
taken from the assumption that only spontaneoussittans could occur. The generalized

version of equation (A.16) is then given by

(Pvp = Paa) — (Db — Pad) P 2i
= Tl = - g (Vbapab - pbaVab)- (A- 17)

d
E (pbb - paa) = -

It is seen therefore, that for a closed two-leystam, the density matrix equations of motion

reduce to two coupled equations, namely, equatiaris83 a) and (A.17).
To justify the relaxation terms in equations (Ad)3and (A.17), the nature of the solutions
are examined in the absence of an applied figlg = 0). The solution to equation (A.17) is

given by

[pbb(t) - paa(t)] = (pbb - paa)(eq) + {[pbb (O) - paa(o)] - (pbb - paa)(eq)}e_t/Tl-
(A.18)
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Equation (A.18) shows that the population invergjogn (t) — p.q(t)] relaxes from its initial
valuepy,;, (0) — paq(0) to its equilibrium valuép,;, — paa)€? in a time of the ordeF;. It is

for this reason thdf; is called the relaxation time.

In a similar manner, the solution to equation (Aa)3or the cas&,, = 0, is written as
pba(t) = pba(o)e_(iwba+1/T2)t- (A.19)

The result in equation (A.19) can be interpretedarrectly by considering the expectation

value of the induced dipole moment, which is gitagn

(E(®) = HabPa(t) + tpaPap (L)
BapPpa(0)e~(Wbat /Tt 4y 5 (0)et(i@batl/To)t

= [;uabpba(o)e_iwbat + UbaPab (O)eiwbat]e_t/Tz- (A.20)

Equation (A.20) shows that, for an undriven atame, dipole moment oscillates at frequency
wp, and decays to zero in the characteristic titnelt is for this reason that, is known as

the dephasing time.
T, andT, are related to the collisional dephasing jatby

1 1
— = . A.21

A.3 Seady-Sate Response of a Closed Two-Level Atomto a Monochromatic Field
The solution to the density matrix equations of iototfor a closed two-level atom in the
presence of a monochromatic and steady-state Wiglchow be examined. Recall that the

density matrix equations for the closed two-leviEnac system were given in equations
(A.13 a) and (A.17).
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The interaction Hamiltonian for an applied field time form of a monochromatic wave of

frequencyw (according to the electric dipole approximatiayiven by [86]

V = —a(Ee™'t + E*e'ot), (A.23)

and the matrix elements of the interaction Hamitarare given by
Voa = —tpa(Ee™@t + E*ei@t), (A.24)

Equations (A.13 a) and (A.17) cannot be solved #xé&ar V,, from equation (A.24), and so
the rotating-wave approximation is used to fincblugon. Recall the discussion for equation
(A.20), which stated that in the absence of a dg\ield, p,, tends to evolve in time as
e~t@vat |t is for this reason, whew is approximately equal tw,,, the part ofV,, that

oscillates ag~'“t acts as a far more effective driving term fgy, than does the part that

oscillates ag'®t. It is thus a good approximation to write equaiiar24) as
Vpa = —HpaEe L. (A.25)

This approximation is called the rotating-wave apgmnation. Within this approximation, the
density matrix equations of motion in (A.13 a) §AdlL7) are written as

d

1 i )
E )pba + EfubaEe_lwt(pbb - paa)r (A- 26)

Pba = — (iwba + T_Z
and

— — — (eq) 9 ,
(pbb paa) T(lpbb paa) + g (HbaEe_lwt

d * Twt
E (pbb - paa) = - Pap — UpaE"e pba)-

(A.27)
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Note that (in the rotating wave approximatiop), is driven only near its resonance
frequencywy,, and (pp, — pag) 1S driven only near zero frequency, which is ietunal
frequency.

The steady-state solutions for equations (A.26) @a@7) will now be solved, where the

solution is valid long after the transients asseciavith the turn-on of the driving field have

expired. This can be done by introducing the slovdrying quantitys;,, defined by

Pra(t) = Ubae_iwt- (A.28)

Applying equation (A.28) to equations (A.26) andZA), gives

d 1 i
aaba = <i(w - wba) + T_Z) Opa + EﬂbaE(pbb - paa): (A' 29)

and

(Pob — Paa) — (Pop — Paa)®?  2i i
= T = + ﬁ (ﬂbaEO-ab - .ubaE Uba)-
1

d
a(pbb - paa) = -

(A.30)

The steady-state solutions can now be obtainedghgtang the left-hand side of equations
(A.29) and (A.30) to zero. Two coupled equations #ren obtained, which are solved

algebraically to obtain

(pbb - paa)(eq)[l + ((‘) - wba)zTZZ
1+ (0 — wpa) TS + (4/0) | upal|* | E*T, T,

(Pvb — Paa) = (A.31)

and

—iwt _ tpaEe ™" (ppy — Paa)

hw— wpg +i/T,) (4.32)

Pba = Opa€

109



The result of equations (A.31) and (A.32) are usedalculate the polarization, which is

given by the off-diagonal elements of the densigtnw given by
P(t) = N(i) = N Tr(pi) = N(tapPba + HpaPab), (A33)
whereN is the number density of atoms.
The complex amplitud® of the polarization is introduced now, through thktion
P(t) = Pe™iwt 4 preivt, (A.35)
The susceptibilityy is defined as the constant of proportionalitytietaP andE by
P = €yxE. (A.34)
Hence, from equations (A.32) through to (A.36)sitound that the susceptibility is given by

_ Nlppal®(Pop = Paa)
X eoh(w — wpg +1/T,)’

(A.36)

where(pp, — pPaa) 1S given by equation (A.32). The expression(fay, — pq.q) is introduced

into equation (A.36) and the denominator is ratiizea to obtain the result given by

_ N(pbb - paa)(eq)lﬂbalz(w — Wpg — i/TZ) TZZ/EOh
1+ (0 — wpa)?TS + (4/h2) |pa|?|E|?T T,

(A.37)

Note that equation (A.37) gives the total suscdptibincluding the linear and nonlinear

contributions.
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A new notation is introduced to simplify equatign37), and the first expression is given by
Q = 2|upalEI/, (A.38)

which is known as the on-resonance Rabi-frequesnny,the second expression is given by
A=0— 0y, (A.39)

which is known as the detuning factor, so thatsiirgceptibility is now given by

T, AT, — i
eohl 1+ A*TE + Q°T\ T,

x = [Nop — Paa) P |upal? (A.40)

The combination of factors in the square bracketmuation (A.40) will now be expressed in
terms of the linear absorption coefficient of thetemial system, which is a directly

measurable quantity. The absorption coefficiegiven in general by

2w 2w
a =Tlmn=71m[(1+x)1/2], (A.41a)

and, whenever the conditigjp| « 1 is valid, the absorption coefficient can be expeessby
w
a =?Imx. (A.41Db)

By letting @,(A) denote the absorption coefficient experienced byeak optical wave
detuned from the atomic resonance by an amaynit is found that by ignoring the
contributionQ?T, T, in the denominator of equation (A.40), so thgfA) can be expressed

as

a,(0)

& =
2

(A.42 a)
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where the unsaturated, line-center absorption oeft is given by

T

Wp
aO(O) = _Ta N(pbb - paa)(eq)lllbalz Goh .

(A.42b)

By introducing equations (A.42 a) and (A.42 b) imquation (A.40), it is found that the

susceptibility can be written as

(0 AT, — i
T wpa/c1+A’TE + Q'TVT,

(A.43)

To interpret the result in equation (A.43), it seful to express the susceptibility as= y +

ix" where its real and imaginary parts are given by

2
(0 1 AT,/ |14 Q°T,T, haaa)
wpa/C [ o 1+ATZ/(1+Q*TyT,) '
ba/ 1+ QleTz 2 /( 1 2)
and
" a’o(O) 1 1
- . A.44Db
X = opalc <1 + QT T,) 1+ A°T2/(1 + Q°TyTs,) ( )

The expressions in equation (A.44 a) and (A.44ugjgssts that even in the presence of an

intense laser fieldy  has a dispersive lineshape gnchas a Lorentzian lineshape. However,

each of these lines has been broadened by ther (abte QleTz)l/2 with respect to the
weak-field width. The width of the absorption li(fall width at half maximum) is thus given
by

)1/2

2
Awpwim = 7~ (1+Q°TT, (A.45)
2
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Spectral lines tend to become broadened when neshsising intense optical fields, and is

known as power broadening. The line center valug ‘ofand absorption coefficient) is

, . , 2 .
decreased with respect to its weak-field valuel"twfactor(l + QleTz)l/ . The absorption
tends to decrease when measured using an intetisal dgld, and is known as saturation.

This behaviour is illustrated in Figure A.2.

| | I | I
0.5 @ -
=
B V) (P e e e i S i s SRS S ]
) 0.0
0.5 .
| | I i |
&
E p—
! ! 1 1 ]

0
AT2 =(w-— @, )T2

Figure A.2 (a) Real andb) imaginary parts of the susceptibility (in unitgc/w,,) plotted as functions of the

optical frequency for several values of the saturation param@fet, T, [86].

It is convenient to define the quantiEf which is known as the line-center saturation field

strength, by means of the relation

|E|?

e (A. 46)

QT T, =
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Using equation (A.38), it is found thE&f is given explicitly by

2

|E0|2 = A.47
s 4| upq|?TyT, ( )

The expression in equation (A.43) for the suscdjtyibcan be rewritten in terms of the

saturation field as

T Wpa/c1+ APTZ + |E|2/|EQ?

(A.48)

The expression in equation (A.48) suggests thasitdp@ficance ofE¢ is that the absorption
experienced by an optical wave tuned to line cefwich is proportional tdm y evaluated
at A = 0) drops to one-half its weak-field value when tiptical field has a strength & .
Similarly, a saturation field for a wave of arbriyaletuning can be defined, which is denoted

by E£, by means of the relation
|E2|" = [EQ2(1 + A’TY). (A49)

It is now clear that in equation (A.49m y drops to one-half its weak-field value when a
field of detuningA has a field strength @2

It is also useful to define the saturation intgnir a wave at line center (assuming that

In—1] « 1) as
19 = 2¢€4c|E2|?, (A.50)
and the saturation intensity for a wave of arbyti@d@&tuning can be defined as

12 = 2e0c|EA" = 19(1 + AT2). (A51)
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To better understand and relate the nonlinear a@ptsusceptibility treatment to the
perturbative treatment, the first and third-ordentcbutions to the susceptibility of a
collection of two-level atoms will be calculatedy Bxpanding equation (A.48) using a power
series in the quantitye|?/|EJ|? and retaining only the first and second termis, ibund that

the susceptibility can be approximated as

X el \1+ A*T}? 1+ A°T? |EQI?) '

IR

The expression in equation (A.52) can now be equiteéhe usual power series expansion
x=xD +3y3|E?| (wherey® = y®(w = w + w — w)), and so it is found that the first
and third-order susceptibilities are given by

—0(0(0) ATZ _i
x®=— 7 —, (A.53 2)
and
(3) _ 0(0(0) ATZ - i _ 1 . (A. 53 b)
Bwpa/c|(1 + A>T2)"| 1E5 17

The frequency dependence df’ as given by equation (A.53 a) and (A.53 b) anssttated
in Figure A.3. Note that the sign @f> is opposite to that gf"), and can be understood by

noting thaty® represents a saturation of the optical response.
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(a)

Re %0)

;((3)

L ()

-5 0 5

ATz = (w0 — mba)Tz

Figure A.3 (a) Real and(b) imaginary parts of the susceptibiliy'® plotted as functions of the optical
frequencyw [86].

For some purposes, the nonlinear susceptibility mamxpressed in terms of the line-center

saturation intensity, and is given by

3) — 0{0(0)
3wba/c

AT, — i
(1+A%T2)

2€4C

0
IS

(A.54 2)

or, through the use of equations (A.42 a) and (A.Bilterms of the saturation intensity and

absorption coefficient at the laser frequency as

_ ao(A)(AT; —©) 2€4c

3
X 3wpge/C I

(A.54b)
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Note also that the third-order susceptibility carélated to the linear susceptibility by

o _X(l) B _)((1)

- . (A.55)
3(1+ A2T2)" B0 3|ES|

Furthermore, through the use of equations (A.42aMg (A.47), the first and third-order

susceptibilities can be expressed in terms of regopic quantities as

T, 1 AT, — i
W _ N _ (eq) 2 2 2 A.56
X (Pvb — Paa) mm|%h1+Aﬁg ( a)
and
4 T,T, AT, —i
)((3) = —=N(ppp — paa)(eq)l.uba|4 73 > 2" (A.56 b)
3 €N (14 A®TZ)
In the limitAT, > 1, the expression fgr® reduces to
4 17
X(3) = - §N(pbb - paa)(eq)llflbal4 R3A3 T_z (A.57)

To get an idea of the magnitudes of some of thesiphlyquantities that were introduced, an
example will be considered. Since (for= 1) the intensity of an optical wave field strength

E is given byl = 2¢,c|E|?, the Rabi frequency of equation (A.38) is given by

1/2

_Zl.ubal I
Q= h (2606) ' (A.58)
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Appendix B - SEM Micrographs

= InLens

Signal A

200 kY

EHT =

WD = &mm

Mag = 10,00 KX

= InLens

Signal A

2.00 kv

EHT =

WD= 5mm

1500 K X

Mag

118



EHT = 2.00 kv Signal A = InLens
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Appendix B.1 (a-h) Theannealed sample prepared at the 10.82 pm wavelandt1.2 W/cr.
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Appendix B.2 (a)-(I) The SEM micrographs for the p-annealed samples, prepared at different pc

densities as represented on the respective migghgrand constant wavelength of 1um.
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Appendix C - TEM Micrographs
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Appendix C.1Top: A TEM micrograph showing a nanorod adttom: the EDX spectrum taken of the rod.
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Appendix C.2 Top: A TEM micrograph showing a nanospike aBdttom: the EDX spectrum taken of the
spike.
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Appendix C.3Top: A TEM micrograph showing a nanotube @wttom: the EDX spectrum taken of the tube.
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Appendix C.4Top: A TEM micrograph showing a stream of particles &ottom: the EDX spectrum taken of

the particles.
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Appendix C.5 Top: A TEM micrograph showing an agglomeration of pdes in the shape of a leg and

Bottom: the EDX spectrum taken of the agglomerated pasticl
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Appendix C.6 Top: A TEM micrograph showing a clump of particles amahanotube anBottom: the EDX

spectrum of the various structures.
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Appendix C.7 Top: A TEM micrograph showing an agglomeration of pets andBottom: the EDX spectrum

of the agglomeration.
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Appendix D.1 (a)-(h) The XRD spectra for the post-annealed samples.apedpat different wavelengths and
constant power density of 51.2 W/fcm
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Appendix E

Derivation of the Scherrer Formula

The width of the XRD diffraction curve shown in big E.1, increases as the thickness of the
crystal decreases, because the angular rdd®je— 26,) increases as decreases. The width

B is measured in radians at an intensity equal ifattr maximum intensity. Note th@tis an
angular width in terms a26. As an estimate gf, one can take half the difference between

the two extreme angles at which the intensity i®z&hich amounts to assuming that the

diffraction line is triangular in shape. This medhatg = %(291 —26,) =06, — 0,.

I | ! I I I

_ 1.004 E
=
ST
~ 0954 E
o
g
g
£ 090+ -
—
=
Y
= 0.85- -
<
E
1
> 0.80 .

0.75 .

0.70 v T Y T v T T T v T T T
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Diffraction angle 26 (*)

Appendix E.1 A XRD diffraction curve.

The path-difference equations can now be writterttie two angles, which is related to the
entire thickness of the crystal rather than théadise between adjacent planes (see Figure

E.1). The relationships are given by [112]

2dsinf, = (m+ 1)1, (E.1)

and

2dsinf, = (m — 1)A. (E.2)
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whered is the thickness of the crystal.

Subtracting equations (E.1) from (E.2), gives

d(sin6; —sin8,) = 4,

and using trigonometric co-functions gives

6, +80 0,—0
2dcos(12 2)sin(lz 2)=/1.

But 6, andf, are both nearly equivalent to Bragg’'s an@jie so that
01 + 92 = 203,

and

. (91 — 92) _ (91 — 92)
sin > = > .

It follows that

6,—0
2d ( ! > 2)c0593=A,

and so equation (E.7) can be written as

g A
~ BcosBy’

A more exact treatment of the problem leads to 8eHs formula, given by

092
~ BcosBy’

(E.3)

(E.4)

(E.5)

(E.6)

(E.7)

(E.8)

(E.9)
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Appendix G - SEM Micrographs
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Appendix E.1 SEM micrographs of the post-annealed sample shothi@gtars that formed during annealing,
at (a) 2000 times magnificatior(p) 4500 times magnificatior(c) 4740 times magnificatior(d) 7490 times

magnification, ande) 11230 times magnification, prepared at the 10.6wavelength and power density of 2.2
kw/cnt.
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Abstract

In this letter, the production of multi-phase WO; and WOs3., (where x could vary between 0.1 and 0.3)
nanostructures synthesized by CO,-aser pyrolysis technique at varying laser wavelengths (9.22-10.82 mm) and
power densities (17-110 W/cm?) is reported. The average spherical particle sizes for the wavelength variation
samples ranged between 113 and 560 nm, and the average spherical particle sizes for power density variation
samples ranged between 108 and 205 nm. Synthesis of W40, (= WO,5,) stars by this method is reported for the
first time at a power density and wavelength of 2.2 kW/cm? and 10.6 um, respectively. It was found that more
concentrated starting precursors result in the growth of hierarchical structures such as stars, whereas dilute starting
precursors result in the growth of simpler structures such as wires.

Introduction

Tungsten trioxide is known as a ‘smart material’,
because it exhibits excellent electrochromic, photochro-
mic and gasochromic properties. Nano-sized tungsten
trioxide has been applied in many nano-photonic
devices for applications such as photo-electro-chromic
windows [1], sensor devices [2,3] and optical modulation
devices [4]. Many techniques for synthesizing nano-sized
tungsten trioxide have been reported [5-8] and this arti-
cle concerns with laser pyrolysis.

Laser pyrolysis is more advantageous than most meth-
ods because the experimental orientation does not allow
the reactants to make contact with any side-walls, so
that the products are of high quality and purity [9].
Laser pyrolysis is based on photon-induced chemical
reactions, which is believed to rely on a resonant inter-
action between a laser beam’s emission line and a pre-
cursor’s absorption band, such that a photochemical
reaction is activated [10]. The photochemical reaction
enables an otherwise inaccessible reaction pathway
towards a specific product, either by dissociation, ioniza-
tion or isomerisation of the precursor compound. It was
shown [8,11] that low laser power densities can also
achieve the same desired products as the high power

* Comrespondence: BMwakikunga@csirco.za
CSIR National Laser Centre, P. O. Box 395, Pretoria 0001, South Africa
Full list of author information is available at the end of the article

SpringerOpen®

densities, presumably because of the way photon-energy
is distributed into the energy levels of the precursor.

In this letter, the formation of W30, (= WO, 5) and
the effect of the laser power, the wavelength on the
morphology and structural properties of tungsten oxide
nano-structured and thin films are reported.

Experimental

The laser pyrolysis experimental setup was discussed in
detail in [10], and a schematic description of the experi-
ment during laser-precursor interaction is depicted in
Figure 1. The laser pyrolysis method is carried out
within a custom-made stainless steel chamber at atmo-
spheric pressure. A wavelength tunable Continuous
Wave CO, laser was used in the experiments (Edin-
burgh Instruments, model PL6, 2 Bain Square, Kirkton
Campus, Livingston, UK) and the beam was focused
into the reaction chamber with a 1-m radius of curva-
ture concave mirror which is effectively a lens with a
focal length of 500 mm. For low power densities, an
unfocused beam was used by replacing the concave mir-
ror with a flat mirror. An IR-detector (Ophir-Spiricon,
model PY-III-C-A, Ophir Distribution Center, Science-
Based Industrial Park, Har Hotzvim, Jerusalem, Israel)
was used to trace out the laser beam profile at various
propagation distances from the flat or concave mirror to
determine the beam properties.

© 2011 Govender et al; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons
Artribution License (http//creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly dted.
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Figure 1 A schematic of laser pyrolysis within the reaction chamber during laser-precursor interaction.
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The laser power was varied using a polarization-based
attenuator, and the wavelength variation was achieved
with an intra-cavity mounted grating in the laser. The
different wavelengths were identified using a spectrum
analyzer (Macken Instruments Inc., model 16A, Coffey
Lane, Santa Rosa, California, USA) and the power
output was measured with a power meter (Coherent Inc.,
5100 Patrick Henry Drive, Santa Clara, CA 95054, USA).

The synthesis of WO3; and WQj3., commenced by mix-
ing 0.1 g of greyish-blue anhydrous tungsten hexachlor-
ide (WClg, >99.9%, Sigma Aldrich, 3050 Spruce Street, St.
Louis, MO 63103, USA) powder in 100 mL of absolute
ethanol (C;HsOH, >99.9%, Sigma Aldrich) to give a tung-
sten ethoxide W(OC,H;); starting precursor [12]. Opti-
cal absorption properties of the precursor were
determined using a Perkin Elmer Spotlight 400 FTIR
Imaging System in the wavelength range 500-4000 cm'.

The liquid precursor was decanted into an aerosol
generator (Micro Mist, model EN, Research Triangle
Park, NC 27709, USA) which was attached to the laser
pyrolysis system via a multiflow nozzle that allows argon
gas to carry the stream of very fine precursor droplets
(5 pm droplet diameter according to the manufacturer)
into the laser beam. Acetylene (C;H,) sensitizer gas and
argon encasing gas flowed adjacent to the precursor,
guiding it towards a substrate. The gas flow rates are
chosen such that the ablated precursor collects on the
substrate after interacting with the laser.

The sample was annealed for 17 h at 500°C under
argon atmosphere [10]. Morphology studies were carried
out using a Jeol JSM-5600 Scanning Electron Microscopy

(SEM) microscope (using the secondary electron mode).
Raman spectroscopy was carried out using a Jobin-Yvon
T64000 Raman Spectrograph with a wavelength of 514.5
nm from an argon ion laser set at a laser power of 0.384
mW at the sample to minimize local heating of the sam-
ple during the Raman analysis. X-ray diffraction (XRD)
was carried out using a Philips Xpert powder diffract-
ometer equipped with a Cuk,, wavelength of 154.184 pm.
The reproducibility of the experimental procedure was
not verified.

Results

When the CO, laser beam was focused with a 1-m
radius of curvature mirror, it produced a minimum
beam radius or a beam waist of 1.2 mm, and at a laser
power of 50 W on the 10.6-pm emission line, a power
density of 2.2 kW/cm?® was achieved. These parameters
were consistent with those obtained when synthesizing
WO3 nanowires using a very dilute precursor of 27 uM
[10]. Laser pyrolysis of the more concentrated 2.5 mM
precursor showed many uniform agglomerations com-
posed of nanospheres (40 nm) before annealing,
as depicted in the SEM micrograph in the inset of
Figure 2. The sample was annealed, and from the
agglomerates, stars grew with six points as seen in the
SEM micrographs of Figure 2.

The Raman and XRD spectra of the samples contain-
ing the stars are shown in Figure 3. The stars were not
visible under the Raman microscope and so various
spots were analyzed on the sample. The Raman study
shows that the sample is amorphous after annealing,
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of the pre-annealed sample depicted in the inset

Figure 2 Scanning electron micrographs of the post-annealed sample showing the growth of six-sided stars from the agglomerations

and the lack of a dominant peak at 800 cm™' suggests
the absence of monoclinic phase tungsten trioxide and
possibly oxygen deficiency [13,14]. The Raman peaks
found near 224 cm’, 288 cm™ and 320 cm™! are indica-
tive of a W-O-W stretching mode of a tungsten oxide.
The Raman peak at 700 cm™ is designated to the brid-
ging O-W-O vibrations in tungsten trioxide, and the
asymmetry in this phonon peak shows that there are a
number of phonons confined in the tungsten oxide layer
of particles. This indicates that the product is composed
of particles less than 20 nm in size [15,16]. The peak
near 960 cm™' is assigned to the W®* = O symmetric
stretching mode.

The XRD studies revealed peaks at 23° and 24° diffrac-
tion angles which suggests a tungsten oxide compound,
but the lack of a triplet peak confirms the absence of

monoclinic tungsten trioxide [17]. The broad hump at
22° resulted from SiO, of the substrate, and this sub-
stantially decreased the signal-to-noise ratio making it
difficult to identify the peaks. XRD peaks at 11, 40 and
64° diffraction angles are also evident in tungsten oxides
[17], but the 44° diffraction angle suggests that the tung-
sten oxide has a deficiency of oxygen [18]. Based on the
information from Raman spectroscopy and XRD, the
most probable stoichiometry of this sample is monocli-
nic phase W3049 (= WO, 7,). According to the Powder
Diffraction File (PDF 00-005-0392) that best matches
the XRD spectrum in Figure 3, the lattice constants a, b
and c are 18.28, 3.78 and 13.98 A, respectively and the
lattice angles are a = y = 90° and B = 115.20°.
The Miller indices are shown on the XRD spectrum in
Figure 3.

Raman intensity (arb.units)

[ g p—— T T R T, 5. T R R R
200 300 400 500 600 700 800 S00 1000 1100 1200 1300 1400 1500

Wavenumber (cm")

Figure 3 Left: Raman spectrum and Right: XRD spectrum of the sample containing the stars.
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Previously solid-vapour-solid (SVS) [8] and solution-
liquid-solid (SLS) [19] mechanisms were proposed to
explain the growth of nanowires of tungsten trioxide and
platinum, respectively. Since the tungsten trioxide nano-
wires were grown with a low precursor concentration
using a similar laser beam and laser parameters, the pre-
cursor concentration is seemingly the main contributor
to hierarchical structure. This was confirmed by the 100
times more concentrated precursor that was used for the
growth of the stars. The six-sided stars that were grown
in Figure 2 looked very similar to lead (II) sulphide (PbS)
stars that were grown by a concentration difference and
gradient (CDG) technique [20]. This CDG technique
used a high local concentration of one reactant mixed
with a low concentration of another reactant under ambi-
ent conditions, where the high concentration favoured
the thermodynamic conditions for crystal growth and the
low concentration resulted in a diffusion-controlled
kinetic environment for growth of hierarchical structures.

It is possible that due to a Gaussian laser beam profile,
which has a high intensity at the beam's centre and low
intensity at the edges, the region of intensity in the
beam experienced by the precursor could vary the con-
centration of the decomposed material. It is speculated
that this variation in concentration could have led to
the growth of the hierarchical structures according to
the CDG technique. The growth of stars has also been
reported before for gold and molybdenum oxide [21,22],
but not as yet for tungsten oxide. The literature pro-
poses that star-shaped structures can be grown from
agglomerates of more simple nanoforms under an inert
atmosphere, which conditions were similar for this
experiment [21,22]. One growth mechanism of nanos-
tructures could be due to Gibbs-Thompson effect
[9,23,24], which proposes that the size of the critical
radius is dependent on the precursor concentration and
explains the increase (Ostwald ripening) or decrease
(Tiller’s formula) in size of nanostructures.

The higher concentration probably provided a critical
radius which resulted in simple nanoforms and the
growth of stars as opposed to a lower concentration
which resulted in microspheres and the growth of wires.
It is speculated that the critical radius influences the
thermodynamic and kinetic conditions as predicted by
the CDG technique. Thus, the laser beam properties
together with the relative precursor concentration con-
tribute to the growth of stars. Some stars may form
with four-sides and others with six-sides depending on
the crystalline plane arrangement and the elements
composing the structures [20]. It is not yet understood
if the observed deficiency of oxygen plays a role in the
formation of the six-sided stars or if the higher tungsten
content, with a predominant valency of +6, has some
correlation with the number of sides formed.
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It is thought that acetylene gas acts as a photosensiti-
zer [10] in laser pyrolysis, yet no evidence of absorption
in the laser wavelength range 9.19-10.82 um was found.
This was verified by passing the acetylene gas through
the laser beam at atmospheric pressure, and monitoring
the power change during this interaction. The laser
power did not appear to show any change, which
implied that no radiation was absorbed by this gas. This
does not, however, discount the possibility of some
short-lived metastable state in acetylene induced by the
laser which was undetectable by the power meter. The
argon-precursor mixture, however, showed a change in
power which indicated that the radiation was being
absorbed, and the maximum absorbance was found at a
wavelength of 9.54 pm. The absorbance of the precursor
was given by the ratio of the laser power before laser-
precursor interaction to the power observed during
laser-precursor interaction.

Figure 4 shows the absorbance by the precursor as a
function of wavelength with the corresponding part of
the FTIR transmission spectrum of tungsten ethoxide.
This determination gives us an idea if the laser pyrolysis
mechanism is a resonant process or if the precursor is
decomposed by collisions with excited photosensitizer
molecules. However, the results indicate that the laser
energy gets transferred to the precursor and should
cause decomposition by a resonant process, thus leading
to the formation of the predicted products. Therefore,
acetylene probably provides a reducing atmosphere in
the laser-precursor interaction that influences the reac-
tion pathway towards the formation of the products.

To determine how the laser wavelength plays a role in
laser pyrolysis, it was varied between 9.19 and 10.84 pm
at a constant power of 30 W and power density of
51.2 W/cm®. The lower power density was achieved by
replacing the focusing mirror with a flat mirror to obtain
a beam radius of 6.11 mm. The low power density was
chosen such that all the R- and P-branches of the CO,
laser supplied a constant power output for the varying
wavelengths. It was also assumed that at such low power
density, minimum heating effects are involved in the
laser-precursor interaction. It was found that only the
10.48-pm wavelength formed monoclinic phase WO3
according to the Raman and XRD spectra shown in
Figure 5 with the corresponding SEM micrograph.

The nanosphere diameters of this sample, which were
easiest to measure on SEM micrograph, were distributed
in the range 50-250 nm as depicted in inset of Figure 5,
and micron-sized fibres were also present in this sample.
The theory speculates that if the laser wavelength is
resonant with the C-O absorption band of the precursor
(W-0-C,H;), then the C-O bond would break and lead
to the formation of tungsten oxide. However, FTIR
showed that the C-O absorption band is found between
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Figure 4 The comparison of the FTIR transmittance spectrum of the tungsten ethoxide precursor and the CO, laser radiation
absorbance data of tungsten ethoxide as a function of wavelength.
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Figure 5 Left: the Raman spectrum of the sample prepared at the 10.48-um wavelength and 51.2 W/cm? power density with a SEM
micrograph in the inset showing the morphology. Right: the corresponding XRD spectrum with the histogram of the diameters of a

selection of the nanostructures of the corresponding SEM micrograph in the inset. The Raman and XRD suggest a monodlinic phase WO,
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9.00-9.38 um (see Figure 4), and despite argon carrier
gas presumably broadening the precursor absorption
bands to some extent [25], the result could correspond
to a non-resonant energy transfer. A 10.48-um wave-
length photon carries 0.1 eV of energy, and so 29
photons are required to dissociate a C-O bond [26]
which corresponds to a multi-photon process. It is
known, however, that tungsten ethoxide precursor can
form WO;3 upon heat treatment [12], which implies that
the 10.48-pm wavelength could have had similar effects
as annealing had. We believe that the shorter wave-
lengths, which had higher energy photons, dissociated
various bonds which led to the formation of triclinic
phase or a mixture of monoclinic and triclinic phase
WOQj; . where x can vary between 0.1 and 0.3, depending
on the laser parameters. It was also observed that the
morphology of the samples became more randomized
and of a disordered arrangement as the wavelength
increased, and this is believed to be an effect of a corre-
sponding decrease in energy.

Unlike the increasing wavelength, the increase in
power density led to more ordered and shaped nanos-
tructures, presumably because of the increase in energy
rate. The 10.6 pm wavelength appeared to favour the
formation of monoclinic phase tungsten oxide Further-
more, it was observed that at high enough power densi-
ties, it was more likely for helping nanostructure
growth. At such low power densities (17-110 W/cm?)
on the 10.6 pm wavelength, the particle sizes did not
show a decrease with increasing power density as pre-
dicted [27] for the higher power density range (1-100
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kW/ecm?). The nanosphere diameters of this sample
were found to be in the range 150-400 nm as depicted
in inset of Figure 6. It was observed that the overall par-
ticle sizes were smaller for the power variation experi-
ment, while the wavelength variation experiment
showed larger particle sizes. The increase in power den-
sity did not always favour the formation of WOs;, and
since the photon energy was constant, only the number
of photons per unit time varied.

Figure 6 shows the Raman and XRD spectra with the
corresponding SEM micrograph of a sample prepared at
a power density of 85 W/cm?” at the 10.6-pm wave-
length, which appeared to form a monoclinic phase
WO; according to the characteristic peaks.

Table 1 summarizes all the results obtained for the
varying laser parameters. The average particle sizes
observed for the wavelength variation was in the range
113-560 nm, while the average particle sizes for the
power density variation were in the range 108-205 nm.
The compositions of some samples were uncertain, and
so it is written as WOj;., where x most likely attains
values between 0.1 and 0.3. There were no obvious
trends as to how the laser parameters affected the pro-
duct size or composition, and thus, it is believed that
some possible competing reactions taking place during
the laser-precursor interaction or during annealing.

Conclusion

Six-sided monoclinic phase WO, 7, stars were synthesized
by laser pyrolysis technique using a more concentrated
starting precursor and near-Gaussian laser beam profile.
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Figure 6 Left: the Raman spectrum of the sample prepared at the 10.6-um wavelength and 85 W/cm? power density with a SEM
micrograph in the inset showing the morphology. Right: the corresponding XRD spectrum with the histogram of the diameters of 2
selection of the nanostructures with the corresponding SEM micrograph in the inset. The Raman and XRD suggest a monodinic phase WO,
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Table 1 A summary of the results obtained for the laser power and wavelength variation

Wavelength Variation (Pgensiey = 51.2 W/em?)

Power Density Variation (A = 10.6 pm)

Wavelength, A (mm) Average sphere particle size (nm) Composition Power Density, Ppeak Average sphere particle size (nm) Composition
(W/e

)
92 343 m/A-WO,, 17 157 m-WOs.,
9.32 125 m/t WO, 26 122 m-WO;,,
9.48 13 m/t WOz 34 140 m-WO;
9.70 403 mA-WOs,, 43 193 mWO;
10.16 360 WO 51 108 m-WO;,,
1036 560 t-WO; 60 122 m-WOs3.,
1048 347 m-WO, 68 136 mWO;
1082 453 WO, 77 180 mWO,
85 205 m-WOs3.,
94 14 m-WO3.,
100 106 m-WO;
110 128 m-WO;
2200 100 mWO,
M, monodinic phase; t, tridinic phase.
The higher concentrated precursors are required to obtain  References

hierarchical structures as predicted by the literature. Laser
wavelengths above 10 pm seem to favour the formation of
stoichiometric WOs, but only at certain power densities,
presumably to overcome possible competing reactions.
Owing to the nature of photochemical reactions and the
many stoichiometries and multi-phases that tungsten oxi-
des can form, some product compositions were written as
WO;., where x most probably assumes values between 0.1
and 0.3. The higher power densities were found to be
essential for the further growth of structures and for smal-
ler particle sizes. The authors now have an idea of the pos-
sible shapes of nanostructures that can be synthesized with
possible chemical compositions, and the determination of
the electrical and optical properties of these structures to
observe possible unique characteristics allows for the tai-
loring of sensor devices that operate at room temperature
for example.
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