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Abstract

The thesis reviews two pyrolysis techniques - ultrasonic spray pyrolysis
(USP) and laser pyrolysis (LP). The two techniques - USP at the Physics LP at
the National Laser Centre, CSIR in Pretoria, South Africa - were designed and
assembled by the candidate for the purpose of producing two related
materials - VO2 and WOs. The two smart materials find applications in energy
regulation for air conditioning alternatives, gas sensing for pollution control
purposes, recording industry and computer memory. The thesis shows the
pursuit for small particles of these materials in order to see the change in their
properties at nano-scale. Novel structures that were not expected were found-
nanowires and nanotips of WO; and nanobelts and nano-ribbons of VO.. The
confinement of the 700 cm and 800 cm optical phonons is reported in WOs3
nanowires, enhanced thermochromism of VO, nano-structures with a
hysteresis width of 80°C is presented, the 145 cm™ phonon splitting is
reported in VO nanoribbons and attributed to surface phonons as a greater
portion of atoms become surface atoms at nanoscale. A number of theoretical
models have been proposed in order to explain some inexplicable
phenomena: the new solid-vapor-solid growth mechanism of the nanowires, a
modified phonon confinement model to suit phonon confinement in nano-
ribbons geometry, a model to relate the hysteresis width in the
thermochromism of VO: to the ribbon thickness and grain size based on
martensitic type of transformations and a simple “charge-up” model to
predict how hot the laser-aerosol interaction zone gets at various laser power
settings. More questions have been unearthed and these are also addressed

and the way forward is proposed.
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Preface

In the middle of 2003, while teaching in Blantyre, Malawi, at the Polytechnic
of the University of Malawi, and after failing to get a normal Malawi
government scholarship, I made proposal applications to several potential
sponsors including the World Bank in Washington to conduct research in a
range of areas of physics - condensed matter and solid state, nuclear physics,
particle physics etc. - toward my MSc. One of the applications was
successfully granted by the Joint Japan/World Bank Graduate Scholarship
Programme for me to study for my MSc at the School of Physics of the
University of the Witwatersrand in Johannesburg, South Africa under the
guidance of Dr. Malik Maaza. In February, 2004, I arrived in Johannesburg to
commence my studies upon which I was given an immediate task to design
and assemble an ultasonic spray system for the synthesis of thin films. Within
three months, I had this system up and running and I successfully deposited
VO2 nanoparticles for the first time. I later also had several samples of WO3
made from this set up. Upon characterisation with scanning electron
microscopy, it was found that the particle size for VO2 was about 30 nm when
my intended particle size was below 10 nm. These resullts, coupled with
others, were enough for me to submit my MSc dissertation through Prof. E.
Sideras-Haddad after the now Prof. Maaza had left.

In 2006, just before submission of my MSc, some scientists, Dr. Andrew
Forbes, Dr. Sisa Pityana and Mr. Mathew Moodley, from the Council for
Scientific and Industrial Research (CSIR), Pretoria, South Africa in the
department called National Laser Centre visited me and Prof. E. Sideras-
Haddad. Prof. Haddad had some unused funds in a project at the CSIR at that
time that had to be used away or they would be returned to the sponsors. I
lodged my proposal to use these funds to design and build a system called
Laser Pyrolysis which would hopefully bring the particle size to lower than 10
nm- a regime where we expected the VO. optical and thermochromic
properties and the WOs3 electrochromic and phononic properties to drastically

change due to size and quantum effects.



By 2007 the laser pyrolysis project was running smoothly, thanks to
Prof. Haddad for the seed funding, with the first report of the realization of
WOs3 nanowires for the first time. I also observed nanobelts in VOa. These
results were un-intended and un-expected although they were exciting. The
objectives of the research slightly changed as a result. Since the nanowires and
nanobelts from laser pyrolysis were obtained only after thermal annealing,
the question was “would this procedure work for any particles or was this a
special contribution of the CO; laser beam?” To answer this question, I
annealed the WO; particles from ultrasonic spray pyrolysis. It was
conclusively shown that it was the procedure of annealing rather than the
laser that produced nanowires and nanobelt, for these structures were also
found in ultrasonic spray pyrolysis particles after annealing them.

Although most of these procedures, results, theoretical models,
calculations, interpretations and publications (journal papers and book
chapter) were solely initiated and, often accomplished, by me, there were
many times when I truly needed guidance from Prof. Elias Sideras-Haddad,
Dr. Andrew Forbes and Dr. Christopher Arendse among others. There were
times when Elias and I would be in the scanning elelctron microscopy lab and
celebrate and mourn together owing to what we would behold. Andrew was
quite instrumental in providing the optics, laser characterization facilities and
optical alignment skills. And last but not least, Chris and Elias helped with
critical analysis of the characterization procedures and also providing

annealing facilities.
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Chapter 1
Vanadium and Tungsten Oxides

1.2 Introduction

Just as it was at the ushering-in of the “computer age”, it seems history is
repeating itself in the ushering-in of what would, in the present study, be
called the “quantum computer age”. At that time, there were so many
proposals as to how the computer would work. From Blaise Pascal and his
calculating machine [1], a bunch of cogs and wheels, to Konrad Zuse [2] with
the first microprocessor more and more advances and proposals were made
to improve computation. A computer at that time would occupy a large
laboratory room with cooling systems to control heating as cogs would move
and relay the right motion through the assemblage for one single operation.
The vacuum tube, after the discovery of the electron by J. J. Thompson, was a
great improvement to the electronics industry. Diodes, triodes, pentodes and
transistors based on “thermionics”, as it soon came to be called, quickly came
on the market for device making. The computer was one of the beneficiaries
of this great achievement. The thermionic transistor, whose operation is based
on an incandescent light bulb with an anode and a gate, could amplify,
process and transmit information but at the expense of a lot of energy loss
through heat. It was only the Nobel-winning silicon semiconductor transistor
by Brattain, Shockley and Bardeen [3] in 1947 that revolutionalized the
electronics world by changing the size of the circuits by a great number of

orders of magnitude. Indeed silicon with its 4-valent bonding, its abundance
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in nature (sand) and its excellent semiconducting properties emerged as the
material of choice for the electronics world and silicon still rules this industry
today. This is the time when physics truly needed chemistry in addition to

other disciplines to make any project in this area successful.

However, miniaturizing on a silicon wafer seems has reached its limits.
Moore’s law [4] predicted a doubling of components per unit area on a chip
every year. This was true for so many years. It has now become clear that the
rate of miniaturizing is going at a slow pace in the few recent years. It has
proven difficult to go beyond the micro-electronics where technology is right
now. This saturation is natural. Problems include current leakage and
subsequent short circuits as components become very close to each other to a
distance where tunnelling is possible. The question has been, “What shall the

next ‘big thing’ be?”

1.2 The Possible Next ‘Big Thing’

On the parallel, at the beginning of the 20th century, laws of physics
that were prevailing at the time, referred to as classical physics at present,
were increasingly failing to explain a number of newly observed phenomena
including the blackbody radiation and the so-called “ultraviolet catastrophe’,
the photo-electric effect, the structure of the atom and the like. It was
apparent that as objects got smaller, their behaviour and properties showed

steps or “quanta”’- some steps allowed and other not allowed. The birth of
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quantum physics gave the world a revolutionary way of looking at the
universe - that matter can exist as waves (de Broglie’s wavelength), that
waves can be thought of as being packets or particles with quite a list of
names for particles that mediate the four fundamental forces in nature-
photons, gravitons, Z and W mesons. There are other “particles” that mediate
other kinds of forces such as phonons for mechanical forces in crystal lattice
vibrations.

Combining the miniaturized world of electronics and the right physics
to explain what happens at that scale is seen as probably the next step to
another surprise. To overcome the problem of short circuits at sub-micron
scale, the electronics changes from one of manipulating memory and logic
operations by moving charge to one of storing and processing information
through the spin of electrons. This has been coined ‘spintronics.” This is
another junction of time when another ‘next big thing’ is possibly about to
happen. Who is to bring about the first quantum computer chip? In the
U.S.A., there are about 14 groups working on different projects under the
sponsorship of the USA defence force in attempt to realise a computer that
will be employed in quantum communication. Some of the projects on
spectral hole burning [5], nitrogen vacancy complexes in diamond [6], single
ion implantation in silicon [7], quantum processing on liquid helium surface
[8] and so forth. Single ion implantation is accomplished by using an electron
beam ion trap (EBIT) instrument [9] which is able to copiously and

controllably produce one-two-three ... electron-stripped ions or ions with
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practically no electrons at all around them to the choice of the scientist. These
ions interact very interestingly with any material they come in contact with.
They can induce what is called “Coulomb explosion” on surfaces releasing a
lot of electrons [10], x-rays [11] other atoms synonymous to sputtering [12]
and in the process forming nano-craters [13] nano-blisters [14] and nano- or
quantum- dots [15]. On this aspect, the current project (not reported in this
thesis) has delved into the successful quantification of the electron emission
from diamond surfaces through the work of Sideras-Haddad et al. (2007) [16].
Recently, this project (not reported in this thesis) has also reported diamond-
like nano-structures on the surface of highly oriented pyrolytic graphite
(HOPG) after irradiation with several types of slow highly charged ions [17].
Quantum communication with nitrogen vacancy in diamond, for instance,
has been demonstrated experimentally [18] by using the zero-phonon-line
(ZPL) at a wavelength of 575 nm of the photoluminescence of the N-V centre
in diamond as a source of photons for carrying the information about spin of
one electron to the other electron a few meters ((00 m) away. Some of the
problems with storing and processing information using electron spins have
been the noise from spin of nuclei that hosts these electrons [19]. Also the
technology is currently so exorbitant that even a smart scientist let alone one

from the developing world can hardly afford to take this route.
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1.3 Nanotechnology-"The Next Big Thing?”

Among the above attempts, nanotechnology has been hailed as one of
the most promising routes to the realization of quantum information and
processing. A single electron transistor has been demonstrated [20]. Nano-
science, the study of materials with one of the materials’ dimensions being
less than 100 nm, is becoming one of the most pursued multi-disciplinary
fields. Nano-technology is the application of it. The cost-effectiveness and the
wide range of methods available for practising nano-scale science makes this
route an affordable one and hence a way to making the anticipated quantum

computer, if accomplished, available to the general public.
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Fig 1.1 Relative abundance of silicon in our galaxy [from

http:/ /en.wikipedia.org/wiki/File: SolarSystemAbundances.jpg |

One of the materials that has been earmarked to override silicon has
been carbon with the same valence as silicon and much more abundant in

nature than its competitor as shown in Fig 1.1 although silicon is more
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abundant than carbon in the earth crust. It has been seen that carbon is
capable of forming different structures: diamond, graphite, amorphous
carbon, carbon nano-tubes, and fullerenes. Carbon nano-tubes (CNT) were
known to the public in 1981 by S. [ijima in Japan [21] although other scientists
are known to have seen these structures in early 1970’s in Russia and other
countries. A lot of publications on carbon nano-tubes have appeared since
then including the first FET transistor based on a CNT appearing in a Nature
journal [22]. The problem with carbon replacing its “downstairs” neighbour
on the periodic table has been the inability of repeatably producing CNTs of
the same electronic properties. CNTs can come as metallic or semiconducting
depending on whether the atomic arrangement, or what is called chirality, is
armchair or zig-zag or other novel atomic arrangement such bamboo shapes.
The success of a method for producing good CNTs will depend on going
around this dilemma.

On the other hand, there have been other nanostructures based on
metals and metal compounds. Most metal oxides especially those derived
from transition metals such as Zn, W, V e.t.c. possess semiconducting
properties. Metal oxides are more controllable and their synthesis and final
properties are much more predictable and repeatable than CNTs. It was

therefore one reason for this project’s interest in inorganic nano-structures.
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1.4 Vanadium and Tungsten in South Africa
South Africa, apart from being the world supplier of gold, is the
producer and supplier of 50% of the vanadium ore on the world market [23].
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Fig 1.2 Map of South Africa showing the two major region-shown expanded
by arrows- where the important materials covered in this study are found- (a)
Okiep district in Northern Cape province known to have WO3 reserves and

(b) Brits, North West Province where there are mines for Vanadium ores.
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Mines of such a transition metal are located in Brits in Gauteng
province on the west of Johannesburg and Pretoria as illustrated in Fig. 1.2.
Most of this metal ends up in the steel industry where it is used during the
hardening of iron into steel. Highveld Steel is a company that is currently
mining about 25,000 tonnes per year of vanadium oxides from a reserve of
25,000,000 tonnes near Brits in the North Western Province of South Africa.
This private mining company can make £12 million per year from this ore.

As for tungsten, China is the leading supplier. South Africa, however,
is known to have substantial reserves especially in Okiep district in
Namaqualand. About 1800 metric tones which contained 65.3% WO; are
known to have been sampled for further analysis and shipped to Europe from

this region [24]

1.5 Why VO, WOj3, ultrasonics spray pyrolysis and laser pyrolysis?
Tungsten trioxide (WO3) is a very important semiconducting oxide. It
has a number of properties that are of technological application including
electro-chromism. This is the effect of change of color of a material when
electrical current flowing through it, or charge injection, is changed. Electro-
chromism was discovered by Faughnan et al. (1975) [25]. WO;3 is the best of
the known electro-chromic materials. Another very important property is that
WO:s is also gaso-chromic, that it changes its optical and hence its electronic

properties in the presence of some gases. It has been observed to be very

sensitive to NOx, COx, H2S, NH3) [26]. Photo-chromism of WOs has been
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reported by [27] where it can be used in flat panel displays, UV sensitive
spectacles and an innumerable list of optical devices. A combination of photo-
and electro- chromism leads to ‘smart windows’ for homes and offices which
are able to replace expensive air conditioning systems. Writing - reading -
erasing optical devices such as CDs and DVDs have been fabricated from this
material [28].

VO: is thermo-chromic and due to this structural change, depending
on ambient temperature, VO2 has a myriad of applications: energy efficient
windows [29], optical disc media and holographic storage [30], bit recording
[31], write-erase stable devices [32], ultra fast switches (~100 femtoseconds)
[33], defense/shield and laser protection and laser guided missiles [34].

Thermo-chromism’s application to energy-efficient windows is an
important application with the promise of such VO, windows complimenting
and eventually replacing the current air conditioning systems. This would to
contribute to the global call for reduction of green-house gases, save energy,
less reliance on oil for heating and cooling buildings, vehicles, aero-planes
and space craft. For this cause, this project has been involved in parallel
efforts in developing new materials and nano-composites for the fabrication
of solar water heaters. The new composite of carbon allotropes in host of NiO
has been found to be an efficient absorber of the useful portion of the sunlight
for heating applications [35-37]. In this area, this project (not reported in this
thesis) has been involved in the analysis of Raman spectroscopy data for

nanoclusters of carbon in NiO, ZnO and SiO: especially the role of phonon
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(heat) confinement as carbon particle size reduces to nano-scale. Both high
resolution TEM and Raman spectroscopy showed that the carbon nano-
clusters had an average diameter of 6 nm [37]
The original objectives of the study were as follows
1. To obtain WO3 and VO from commonly available precursor solutions
using the low-cost but highly efficient ultrasonic spray pyrolysis (USP)
2. To attempt to resolve the conflict between the theory and experiment
with respect to crystallites sizes by Lang and Jokanovic models and
XRD/SEM experiments
3. To improve the resolution of the USP by coupling the setup with a low-
cost gas analyzer
4. To reduce the noxious gas sensing optimum temperature of WO;3 to
close to room temperature by reducing its grain size
5. To improve the colouration efficiency of the electro-chromic
WO3/ViOm+1 system by trying VO, rather than V:0s as the
complimentary electro-chromic material
6. To attempt to resolve the conflict in Raman studies of VO. lattice
dynamics by rather using neutrons to obtain phonon dispersion

spectra for mechanical and thermodynamic properties of VO2

These objectives have since been reviewed and modified to suit the current

study. Objectives 1 and 2 have been accomplished and reported in

Mwakikunga et al. [38, 39]. For the sake of completeness, some of the new
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findings with regard to these two objectives will be reviewed in Chapter 2.

For instance, Objective 1 was transformed to the following;:

7. Reduce the particles to nanoscale by switching from Ultrasonic Spray

Pyrolysis (USP) to Laser Pyrolysis (LP)

Objective 3 was accomplished by the direct observation of the phases present
at the period of deposition as manifested by the multi-colour deposition in the
exhaust quartz tube which was reported [40,41]

8. Study thermo - chromism of VO, of varying particle size

9. Size effects on the electro - chromism/ gas sensing properties of WO3

By switching from USP to LP in objective 7 it was hoped that the particle
size of either VO, or WO3; material would reduce to below that which could
be found by USP. USP and LP are reviewed in Chapter 2.

When the LP experiments were realized, the particle size as seen by SEM
increased to an average diameter of 1.5 pm! When these so-obtained particles
were further annealed the particle size increased up to an average diameter of
2 pum. This was seen as due to agglomeration. However, amidst the large
spheres were one-dimensional nanostructures. WOx was found to
preferentially self assemble into nano-wires of diameters from 14 nm up to 72
nm with the most probable diameter of 51 nm as reported in Mwakikunga et
al. [40]. For VO, it was discovered that it would preferentially form belts and

ribbon-like nano - structures. The WO« nano-wire vibrational (phononic)
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properties and the VO2 nano-belt thermo-chromic properties and their growth
procedures by laser pyrolysis were reported in Mwakikunga et al. [41]. These
properties were compared with the optical, vibrational and thermo-chromic
properties reported in Ref. 41 and these are briefly reproduced in Chapter 3 of
this thesis. The growth of particles by laser pyrolysis into nano-wires and
nano-belts only happened after thermal annealing in a specific environment.
This gave a clue as to the possible role of annealing in the one-dimensional
growth among other unknown parameters in the laser interaction with the
precursors. Then some samples that were synthesized by ultrasonic spray
pyrolysis were revisited and were taken for thermal annealing using the same
annealing procedure used in the LP samples. For WO« nano-spheres grown at
100, 200, 300, 400, 500, 600 and 700°C, the annealing process, which is
explained in detail in Chapter 4, produced the 500°C sample as an optimum
sample with a substantial population of W1sOu tip-like nano-wires. Structural
properties of these nano-tips were studied by TEM and the stoichiometry
determination by selected area electron diffraction will be explained in
Chapter 4. The results from this work were reported in Ref. 42. There was
need to introduce a new growth mechanism as these wires were grown by a
totally unique process other than the growth mechanisms available in
literature. For the first time, the current project proposed the so-called Solid-
Vapour-Solid mechanism of growth as discussed in Mwakikunga et al. [42].
Recently this mechanism has been followed-up by comprehensively re-

looking at the WOx nano-wires grown by LP in different carrier gas
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environments. In this recent work, statistical-mechanical aspects of the SVS
mechanism were followed-up and, the model developed there-from, was
used to fit the nanowire length-and-diameter data. This has been reported in
Mwakikunga et al. [43] and most of this discussion is made in Chapter 6.
Recently dense nano-ribbons of VO2 were discovered in some samples grown
by USP. Luminescence and thermo-chromic properties have been performed.
Selected area electron diffraction and high magnification TEM has been
conducted. Some of these ribbons have been characterized preliminarily by
non-contact mode AFM and they have been found to be as thin as 10 nm on
average. Raman spectroscopy is expected to produce interesting size-
dependent phonon confinement properties in these ribbons. These phonon
structure studies are related to gas-sensing, thermo-chromic and electro-
chromic properties. It is shown here how phonons have a role in
understanding gas-sensing, thermo-chromism and electro-chromism in
Chapter 6. Concluding remarks, the proposed outlook and possible future
student project spin-offs from this work are suggested and presented in
Chapter 7.

With these properties, most of the objectives can be said to have been met
to a satisfactory degree of fulfillment. To help with reading, the publications

pertaining to this work have been attached in the Appendices.
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Chapter 2

Progress in Ultrasonic Spray Pyrolysis and Laser Pyrolysis

This chapter shows the versatility of an old technique that is based on the
phenomenon of sound and how sound interacts with matter in liquid state. It
also shows how this phenomenon is employed in the synthesis of nano-sized
materials in chemical vapour synthesis. The chapter shows the overwhelming
progress ultrasonic spray pyrolysis has achieved and the future challenges
that lie ahead.

Chemical vapour thermal deposition methods form one of the largest
groups of techniques for realising a variety of materials in condensed matter
science. The starting material is either a gas or liquid carefully chosen to end
up into a stoichiometric material desired. The general process entails a source
of chemical vapours/droplets which are carried into a heated zone for
evaporation and decomposition and finally ending up either on a substrate
(for thin films) or a filter (for powders) as shown in Fig. 2.1. When dealing
with vapours/gases as starting materials, the method is usually referred to as
chemical vapour deposition (CVD) and there are many forms of CVD;
whereas the term “spray pyrolysis” (SP) is used when dealing with liquid
droplets as precursor materials.

The word pyrolysis is taken from a Greek word “pyre”! which means

“a pile of fuel or pile of wood” with specific reference to heating by flame

! A reference from the book of The Exposition of 8®ven Church Ages by William Marrion Branham states “
In fact, Polycarp, the first bishop at Smyrna wastgred and people had to carry the wood that wma#e his
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[44]. Since such heating raises the precursor material to a plasma state where
radicals, electrons and ions prevail, this process can be used in in-situ spectral
analysis of elemental composition of the precursors in addition to the
decomposition mechanisms, reaction kinetics and formation of new
condensed matter. The source of heat can be a furnace (thermal CVD), a hot
wire/filament (HWCVD, HFCVD), an intense light source such an L.R. COz
laser or a UV excimer laser (laser pyrolysis LP), plasma source (plasma
enhanced PE-CVD), an L. R. lamp or, simply, a heated substrate.

A number of previous review articles have been presented on different
forms of CVD: thermal CVD [45-54], plasma enhanced PE-CVD [55-63], hot-
wire or hot filament (HWCVD or HFCVD) [64-71] and not many of them have
been as exhaustive in their respective areas. Pyrolysis, although classified
under CVD in some text, has become a wide area of research and technology
covering synthesis of new products, qualitative and quantitative
spectroscopic analysis of fluids and, lately, alternative route to production of
debri-free x-ray sources; these aspects are elaborated further in the sections
that follow. In spray pyrolysis the droplets or vapours can be generated either

by pneumatic nozzles in whistle-type sprayers or ultrasonic nebuliser.

funeral pyre...” [page 112 paragraph 3]; also fromlttebrew Lexicon, “ a pile of fuel, pyre, a pilewbod”; as
well see Isaiah 30:33. With the advent of the laskere low-level laser power leads to atomic disgt@mn
without necessarily having a flame, the meaningyoblysis has slowly changed meaning to includs ti@w
class of reactions, pyrolysis for chromatography time of flight experiments
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Thermal/non-thermal decomposition
reactor systems e.g. furnace, oven,
laser, electron beam e.t.c.

Precursor ‘

droplet/gas source .
Droplet carrier e.g. spray nozzle Powder collection
ultrasonic system e.g. substrate,

Gas(es) systems nebulizer filter_o_r electrostatic
electrostatic precipitator e.t.c.

droplet generator
Exhaust

system

Fig. 2.1 An illustration of generalized chemical deposition methods

In the former the process is simply called spray pyrolysis (SP) and in the latter
case, the process assumes the name “ultrasonic spray pyrolysis” (USP). An
article on the versatility of spray pyrolysis by Pramod Patil [72] among other
aspects tabulated publications up to early 1999 listing materials and spray
pyrolysis parameters. Other reviews have been on specific materials
employing spray pyrolysis as one of the wide range of methods used in
producing such materials: superconductors [73], semi-cokes [74], ceramic
nano-composites [75], carbon nitride films [76], and magnetic nano-particles
[77, 78]. The present review chapter will restrict its discussion to ultrasonic
spray (USP) technique on a wide range of materials especially from 1999 to
the present and on laser spray (LP) pyrolysis. This is a period that has seen a
lot of improvements to pyrolysis techniques to the extent that structures with
new shapes and novel growth dimensionality have been produced in a
controlled manner. The scarcity of specific review papers in a period like this

one where numerous publications pertaining to materials synthesis by
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various versions of pyrolysis was the main motivation of the present
compilation. First, a historical outline of the droplet generation phenomenon
by ultrasonic nebulisation is given. This has not been covered in most
previous reviews except by Yule et al. [79], Barreras et al. [80] and Nevolin
[81]. These reviews have not covered pyrolysis but restricted themselves to
the nebulisation phenomenon. The triumphs and challenges in ultrasonic
spray pyrolysis are also presented. A tabulated literature survey and data-
base from 1999 to 2008 is given and some unsolved problems in pyrolysis for
materials processing with regard to droplet and particle size under different

pyrolysis parameters are discussed.

21  Ultrasonic nebulisation phenomenon
Ultrasonic atomization is a very effective method for production of
ultra-small droplets and, after the droplets are pyrolyzed, the realisation of
nano-sized materials. Quantum dots have been produced by spray pyrolysis
[82]. Three approaches are common in the droplet production: (1) passing the
liquid across a standing ultrasonic wave, (2) depositing the liquid over an
ultrasonic transducer and (3) immersing a focussing ultrasonic transducer in
the liquid in such a way that the liquid depth is equal to the focal length of the
ultrasound lenses in the transducer.
Generation of droplets by means of ultrasonic waves was first reported in
1927 by Wood and Lomis [83]. A number of mechanisms have been proposed

to explain this phenomenon. At low excitation frequencies (20 - 100kHz), we
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can imagine that only surface atoms respond to form droplets; such waves are
called capillary waves. At higher excitation frequencies (0.1- 5 MHz) and
intensities, bulk atoms of the liquids come into play and this effect is called

cavitation.

25  Capillary wave mechanism

The capillary wave proposal enjoyed intense research interest from the
tirst known studies by Faraday [84] in 1831 to the present. It was Lord Kelvin,
as elaborated in Rayleigh’s book [85] in 1871, who derived the well-known

equation for the wavelength of capillary waves as

A =(Z’f jm 2.1)

Here, A is the wavelength, o is the surface tension, p is the liquid
density and f is the frequency of the surface waves. This equation was later

modified by Rayleigh [85,86] to give

8770' 1/3
A= 2.2
(szj 22

Note that F which is equal to 2f is not the frequency of the surface
waves but rather the frequency of the forcing sound. The fact that the
frequency of the surface waves is half the exciting frequency was empirically
obtained from experimental measurements. Numerous experimental workers
in the 1950’s [86-92] pointed to unstable surface capillary waves as the origin
of droplet formation relying on the simplified linear instability analysis. The

1962 experimental determination by Robert Lang [93] of the relationship
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between the wavelength of the capillary waves and the size of the droplets so
formed spurred the capillary wave mechanism to greater heights. Lang
showed that the droplet size, Dy, and the capillary wave length A were related
by the empirical equation
D, = 034/ (2.3)
The subscript L in Eq. 3 signifies the Lang’s droplet diameter in distinction
from other droplet diameter symbols to follow. Extra support from
Sindayihebura & Bolle [94] in 1998 brought more assurance that capillary
waves were probably the main mechanism. How drop formation may occur
by unstable surface capillary waves was illustrated schematically as
reproduced in Fig. 2.2 and this phenomenon is usually called the Taylor
instability [95]. In the Taylor instability the liquid capillary waves are
composed of crests (peaks) and troughs. Atomization takes place when
unstable oscillations tear off the crests of the capillary waves away from the
bulk of the liquid. Thus the droplets are produced at the crests whose size is
proportional to the wavelength.

A major revision to the Lang’s equation was done by Peskin & Raco
[96] in 1963 and later, 1996, by Jokanovic et al. [97] who, rather than adopting
an existing empirical equation, chose to derive a general equation from first
principles. The analysis especially by Jokanovic et al. started from applying
the Bernoulli's equation to an incompressible fluid of density, p surface
tension, g, under pressure, p, due to an ultrasonic excitation, f, from a depth,

y, and thereby generating a disturbance of amplitude, {(x,t) given by
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2
,Ogh+pa—f+0?§— (2.4)

In this equation, ¢ is the rate potential. The boundary conditions

employed were that when y = -h, v = 0 and J2¢/dx? = 0 then

1d |
h dyC h[k (y+X)] ol (2.5)

r=1/f
t=3/4f

Fig. 2.2 A sketch showing idealized droplet formation from standing-wave
crests showing one period of wall vibration. Note that Ref. 53 carried out a
thorough stability analysis of wave formation which included the film
thickness, h, wall-vibration amplitude, a, and viscosity, f in addition to the
parameters of forcing frequency, f, surface tension, ¢, and liquid density, o,
which were in the original work of Kelvin as reported in Ref. 43. Permission
from The Royal Society, A. J. Yule & Y. Al-Suleimani, Proc. R. Soc. Lond. A

456, 1069 (2000)
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Here, ¢j is a constant, kj was taken to be the wave-number (277D))
where in turn Dj is the Jokanovic’s aerosol droplet diameter (again to
distinguish it from that of Lang above). The Mathieu’s function was then
adopted which was observed to explain the typical shape of the relationship
between the amplitude of the oscillation of the meniscus surface and the

wave-number. The Mathieu’s function was given as

dy | ok®

—+| —t.hlkh)-k.gthlkh)|ly=0

dt{,o () g ()}y (2.6)

The solution of Eq. 2.6 for h >> &(x,t), that is, for small disturbances,
found by Jokanovic was seen to be similar to that previous found by Peskin &

Raco using a different analysis route (not reproduced here)

1/3
JIO 1
D, = = D
’ (pfzj 068 " 27)

Note that the relationship between droplet diameter and the Kelvin

relation for capillary wave length can also be derived from dimensional

analysis as shown in by Mwakikunga et al. [38] given as

o 1/3
D =k (F] (2.8)

Where kv is a dimensionless constant which according to Lang is 0.6818/3
while, according to theoretical derivation by Peskin & Raco and Jokanovic,
the constant ky is equal to T8/3. This means the droplet diameter as calculated

by Lang’s equation is smaller by the factor of 0.68 in comparison with that
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determined by Jokanovic’s equation. Jokanovic et al. were able to show
experimentally that their freshly derived equation yielded better agreement
between calculated and experimentally determined droplet sizes. It must also
be noted that Jokanovic et al. have arrived at Eq. 2.7 using various forms of the

equation of motion of the liquid at the surface including one given by [98]

(2.9)

2 2
%+g€_g a_§+a_<: =0
ot p|oxs 0z

However, a number of more recent studies employing ultrasonic spray
pyrolysis (an application to be discussed in the next section) and using either
the Lang’s empirical formula (Eq. 2.3 and/or the Jokanovic’s revision Eq. 2.7)
have shown that both equations have limitations. A serious conflict between
theory and experiment reported by Nedeljkovic et al. [99] states:

“Comparison of the theoretically [d; = 195 nm, d. = 132 nm] obtained

results with the experimentally determined [dexy =286 nm] regardless of

the equations being used for the determination of the aerosol droplets
diameter undoubtedly shows that there is a substantial difference
between the theory and the experiment, if the theoretical density of the
particles packing was assumed...”

And also according to Saponyjic et al. [100]

“Significant differences between the experimentally determined (285

nm) and the theoretically predicted values of the mean particle

diameter (132 nm and 195 nm) were found indicating that the powder

was highly porous...”
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The reasons for this gross under-estimation by the theory of the
experimentally determined particle size could be
(1) the basic assumption in the Kelvin wavelength on which both the Lang’s
formula and that of Jokanovic et al. are based and
(2) the absence of the dependence of droplet size on liquid viscosity and the
volumetric flow rate which is contrary to experimental observations.

This calls for the consideration of the liquid’s bulk properties in the
models. These shortfalls are discussed in the unsolved problems in USP in

section.

2.6 Cavitation mechanism

Cavitation theory is necessary in explaining the capillary wave hypothesis.
Cavitation hypothesis is generally applied to high frequency and high energy
intensity systems. When a liquid is irradiated with an intense ultrasound
tield, cavitation bubbles are formed. During the implosive collapse of these
bubbles near the surface of the liquid, high intensity hydraulic shocks are
generated which in turn initiate disintegration into droplets. At such large
intensities the excitation is beyond the liquid surface but extends into the
liquid bulk contrary to the capillary hypotheses. Properties of the liquid bulk
such as viscosity come into play as parameters affecting the nature of the final
droplet. Sollner [101] was probably the first in 1936 to explain Wood &
Loomis’s ultrasonic atomization demonstration in terms of cavitation

produced under the liquid film. While Lang and the other workers developed
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the capillary hypothesis, the cavitation hypothesis was almost abandoned
thanks to Eknadiosynats and co-workers [102,103] who resumed this area in
the mid-60’s. Several studies after these tried to combine both hypotheses
[104-108]. The effect of viscosity and surface tension on the Taylor instability
has been studied [109], that the rate of growth of amplitude disturbance is
affected by viscosity has been observed [110], the increasing importance of
viscosity as surface tension decreases has been suggested [111] and the effects
of density, viscosity, interfacial tension and relative fluid velocity on drop
formation have been elaborated by Clark [112,113]. Another empirical
equation for the prediction of the droplet size at high liquid flow rates was

proposed in 1978 by Mochida [114] as

0.354
D= 31.7(%j [033QO (2.10)

In this equation, g and p have the usual meanings, 4 is the viscosity
and Q is the volumetric flow rate of the liquid. However, this equation does
not account for the excitation frequency. Clark found that the dependence of

droplet size on viscosity roughly followed the proportionality

0.166-0.303

D=y (2.11)

Tsai et al. [115] found in 1996 that droplet size and volumetric flow rate

were correlating approximately thus

D ~ Q025—030 (2.12)

This was quite in conflict with Mochida with his exponent being outside the

range set in the Tsai et al. improved measurement.
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2.7 A Combination of Capillary and Cavitation hypotheses

More careful observations have shown that apart from the traditional
parameters of surface tension, viscosity, density, forcing frequency and
volumetric flow rate additional parameters such as geometry of the vibrating
surface, the amplitude of the oscillations, the intensity of the ultrasound
power or the energy density have a lot to do with the size of the droplet so
produced. To this end Rajan and Pandit [116] in 1996 developed a new
correlation equation to take into account some of these extraneous parameters

and was found to be

1/3
D= (pﬂ?zj [1+ A(We)ozz(Oh)o.lesG(l N )—0.0277] L E 213)

The symbols A, We, Oh, I are respectively the surface area of the droplet, the
Weber’s number (the number that describes atomization), the Ohnesorge’s
number (or the viscous number) and the intensity number (the number

affected by the geometry of the vibrating surface) defined in the following

expressions:
We = f%‘p (2.14)
Oh =$ (2.15)
Iy = ]:gi (2.16)
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Most symbols have usual meaning but Am is the amplitude, vs is the
speed of sound. Three alternate correlations to Eq. 13 (labelled here as E) were
derived by Rajan and Pandit [116]:

(1) using the Rayleigh instability criterion,

(2) using the Walzel relation and

(3) using Davies approach respectively labelled, in this review, as F, G

and H below.
0= o F e
1/3 2 2/3
el 2] (%)
D= P UV (2.18)
u
fA |2+ 06
A{ fAip}
0.6 -04
D :kl{a-kw} ,0_0'6|:%V5A*n(277'f)2:l - H (2.19)

A parity plot is one of the most convenient graphical techniques for
evaluating the theoretically calculated quantity and the experimentally
observed quantity. Rajan and Pandit [117] also presented parity plots for
correlations E and H and we reproduce them in Fig. 2. 3

From the parity plots one sees that most points are below the equality
line signifying that the measured drop size is mostly less than the calculated
drop size. This means that the Rajan-Pandit correlations are over-estimating
the observed droplet size.

Avvaru et al. [117] have recently, in 2006, modified Eq. 2.13 to suit the

so-called “Newtonian viscous liquids” given as
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Predicted drop sizes,

2

D= ( ;U j +0.0014We)****(Oh)~ ™" (1, )™ (2.20)

In order to validate their theory, one of the Newtonian liquids O glycerine [J
was used in their study and the parity plots done using correlations E and H
were presented and are herein reproduced in Fig. 2.4. In comparison with the
Rajan-Pandit parity plots, one can clearly see a remarkable improvement in

the alignment of the calculated -experimental points to the equality line.
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50 - ’.,-’ & 50 - PR L L I
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Observed drop sizes, Microns Observed drop size, Microns

Fig. 2.3 Plots for correlations E and H of water droplets. The dotted line is a
line that indicates the points where calculated quantity is exactly equal to the

experimentally measured quantity.
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Fig. 2.4 A typical parity plot for a Newtonian liquid, glycerine (From Ref.
117).

However, one can also see departure from the ideal equality line when
droplet diameters exceed 400 pm. Therefore beyond this point the Avvaru
correlation over-estimated the droplet sizes. Also even within the region
where there is apparently good agreement, more points are above the equality
line indicating that, in this region (200 - 350 pm), the Avvaru correlation
under—estimated the droplet size. Overall, however, the Avvaru correlation is
a big improvement over that of Rajan-Pandit. Avvaru et al. are also able to
confirm and demonstrate the presence of cavitation in the droplet ejection by
arranging an ingenious experiment. In this experiment, the ultrasonic
generator is tilted horizontally and the force of droplet ejection is balanced

with the environmental drag force from which the ejection velocity is
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determined. Using their so-derived differential equation, they are able to
show that the Newtonian liquids such as glycerine yield an ejection velocity
of 12.6 ms! whereas the non-Newtonian liquids yield an ejection velocity of
3.5 msl. In both cases the ejection velocity is higher than the cavitation-less

ejection velocity of 0.144 ms! which is attributed to capillary theory.

2.5 Effects of Pressure and Temperature on Surface Tension, Density and
Viscosity

With improvements of the theory, it is hoped that the future is bright
with regard to understanding the phenomenon of ultrasonic generation of
droplet from liquids. One of the many unsolved problems concerning the
droplet size as a function of the liquid properties of surface tension, o,
viscosity, Yy, density, p and so forth involves finding from thermodynamics
how these properties vary when the liquid temperature and pressure change.
In Mwakikunga et al. [Ref. 38], such a temperature-and-pressure dependent
droplet size was dealt with by considering that droplet size took the

expression in Eq. 8. Eq. 2.20 could also be re-written in the like manner as

D_( mo(p.T)

2T fzj +0.0013We( p, T ))***(Oh( p,T)) ' " (1, (p,T))°* (2.21)

2.6 Surface Tension as a Function of Temperature and Pressure
One of the earliest experimental studies on surface tension

determination at varying pressure was carried out by Lynde [118] in 1906. In
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this study the surface tension at the interface between two liquids was

determined via the derived equation

H.r
ocosf = D—Z“‘be (,02 - ,01) (2.22)

6 was the angle of contact, Hp was the difference in height between the two
liquids in the manometer, 7wy was the radius of the capillary tube and o, o1
were densities of the two respective liquids. Taking a differential of Eq. 22

with respect to pressure p, Lynde got

Ezﬁ — d_ID_|_HDrtube 5,02_5,01
£ 2(,02 ,01)ab > ® &

(2.23)

By dividing Eq. 23 by Eq. 22, Lynde arrived at the following expression

100 _ 1 H, F~'5 -
g P HD P P>~ Py (224)

The first term on the right hand side of Eq. 2.24 was measured
experimentally by observing the change in height at varying pressure. The
second term was determined from compressibility factors of the two liquids at
varying pressure since dg/dp is compressibility factor in the first place. With
these measurements, Lynde was able to establish that a plot o-1(dg/dp) versus
p was a positive linear graph for mercury-water system and for mercury-
ether system. The same was a negative linear plot for water - ether system
and for chloroform-water system. However, for the carbon bi-sulphide -

water system a parabolic line-shape was obtained. These results showed that
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the surface tension-pressure relation depends on not only on the liquid types
but also on how the liquid densities vary with pressure which is discussed in
the next few pages. For the case where the o -1(dg/dp) versus p graphs are

linear,

— P 225
op (2.29)
ksis a proportionality constant in Pa2. Surface tension can then be written in

terms of pressure as follows:

o(p) =0, exp[i 3 ka(p2 - DS)J (2.26)

o0 is the surface tension at atmospheric pressure po. Sachs et al. [119] in
1995 summarized all o-p data from methane-water system up to that time
[119-123] and their charts are reproduced in Fig. 2.5

For one to see the effect of temperature on surface temperature, one
can turn to the important work of S. J. Palmer [124] in 1976. Palmer’s theory
based on

(1) the calculation of the difference in energies of interaction between
molecules in bulk and those on the surface or ‘excess energy’

(2) the minimum potential energy of these molecules due to a balance
between attractive and repulsive forces at a critical temperature T.

The derivation led to the following expression:

o(T)=(n/ 4)Nop ! M) ks (T, - T) 22)
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Fig. 2.5 Pressure and temperature dependence of the surface tension o in the
system methane-water; all data published in Ref. 119 until 1995. A, Ref. 120; ¢,

Ref. 121; O, Ref. 122 and o, Ref. 123.

Where n and Ny are the co-ordination numbers or the number of
nearest neighboring molecules around one molecule in bulk and on the
surface respectively, pis the density of the liquid, M is the molar mass of the
liquid and kg is the Boltzmann’s constant.

It was shown in Mwakikunga et al. [Ref. 38] that based on fundamental
thermodynamics, the general relationship between surface tension and

temperature is given as [125-127]

o(T)=H+—=T (28)
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where H is the energy required to increase the area of the liquid in contact
with air by a unit area. It should be noted that H is always positive. Since 0
always decreases as T increase, in accordance also with the Palmer equation
in Eq. 2.27, then the derivative dg/dT is always negative. It can be shown that
Eq. 2.28 carries the same meaning as Eq. 2.27 with H = (n/4)(Nog/M)*3kgT. and
dg/dT = -(n/4)(No/M)*3kp. Based on the two separate relationships of surface
tension as a function of pressure according to the current generalization of
Lynde’s empirical study and temperature from Palmer’s theory, one can write
a combined relationship as follows

o(p.T) = a,(n/4) Ny ! M 23k, (T, — T)exlt 2k, (p? - p2)] (2.29)
However, from Lynde’s experiments, it is difficult to ascertain the op
relationship since the nature of dependence is also dependent on the pp
dependence which was not yet known but which will be shown in the
sections that follow. Also in Palmer’s theory, density of the liquid is assumed
constant with temperature. However, so far this could be the only equation

that combines the effect of pressure and temperature on surface tension.
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Fig. 2.6 Surface tension as a function of temperature and pressure for

glycerine [From Park et al., ]. Phys. Chem. (2007)]

There have been other recent o(p,T) equations specific to some materials such
as the one by Park and co-workers [128] who showed empirically the effect of
surface tension of polystyrene droplets in supercritical carbon dioxide which
was found to be

o(p,T)=387032- 0.0559T — 0.0100p + 2.596x10°° pT (30)

And which was true only in the temperature range from 170°C to 210°C and
from pressure of 500psi to 2500 psi. Their experimental results on o(p,T) were

plotted on a chart which is reproduced in Fig. 2.6
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An article on surface tension given by Escobedo & Mansoori (1996)
[129] based on the 1923 proposal by Macleod that surface tension of a liquid

could be expressed in terms of its vapour pand liquid g, densities thus:

o=N(p-p,) (31)

Where I1 is called the parachor. Although it was thought to be a constant but,
lately, it has been realized that parachor is in turn temperature dependent
since both surface tension and density are temperature dependent. From
statistical calculations, Boudh-Hir & Mansoori (1990) [130] derived an

expression for 1 of the following nature:

KT 4.5 Z
M :7T4 ZBZ—c(r,,o,,pv);
T
r=1—-— 2.32
- 232)

1/2
z= 2 l:BT exg e
h kT

where B is an exponent, the subscript ¢ denotes the critical temperature
values, z is the activity, /& is the chemical potential, /i is the Planck’s constant
and {(7, p o) is a statistical-mechanical function that shows liquid surface
tension dependency on its liquid-state and vapour-state densities and

temperature.
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Another theoretical and empirical study of the surface tension data by
Pandey [131] of ternary liquid system comprising liquid nitrogen, liquid
oxygen and liquid argon revealed the relation to take the form a relation
developed by Brock & Bird in 1955. This expression for non-polar liquids was
derived by utilizing the power law concept applicable to temperature away

from the critical point and is here given by

11/9
ofT) = (PCZTCZ)M( O';32 - 0.95111— %j (2.33)

C Cc
P, T. and Z: are respectively critical temperature, pressure and

compressibility factor.

2.7 Density as a Function of Temperature and Pressure

When one needs to consider the effects of pressure on density,
thermodynamical equations of state (EOS) are used. Wong et al. (1996) [132]
used the van der Waal’s EOS to study the pressure and temperature effects on
density of liquid lubricants. They found that density increases with increasing
pressure but decrease upon a raise in temperature as confirmed by their
experiments. The van der Waal’s equation of state for a real gases was used to
find the o(p,T) expression which was used to modify the droplet equation in

Eq. 2.8 [38]. An improved and more appropriate EOS for liquids was
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Fig. 2.7 Sketches in Mathematica of how density varies with (a) pressure and

(b) temperature from Eq. 34 (Density values are not realistic and are not

specific to any materials)

proposed by Redlich & Kwong in 1949 [132 (b)] that accurately predicts

densities of fluids thus
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2
) PRT ap b [0.08664?Tc j 5 (2.34)

“1-bp [T72(1+bp)|’ P,
Jis a parameter which further depends on temperature. By finding p as the
subject of this equation, one can find the expression of density as a function of

temperature and pressure and this variation of density is sketched in Fig. 2. 7

(a) and (b)

2.8 Effect of Pressure and Temperature on Viscosity of Fluids

The principal observed qualitative facts are that

(1) all gases at ordinary pressures become more viscous as the
temperature is raised,

(2) most liquids become less viscous as the temperature is raised,

(3) highly compressed gases resemble liquids, they become less viscous
and

(4) for a few liquids (such as liquid helium and liquid sulphur).

There is a range of temperatures over which the viscosity increases as
the temperature is raised. As was the case with surface tension, the variation
of viscosity with pressure is expected to be one of the inverse nature.

It is known from Wright [133] that, as early as 1886, Reynolds
proposed an expression for the change of viscosity with temperature for
liquids and compressed gases given as

u O explconst./T) (2.35)

71



10°

102

Viscosity, 1/ Pas

(a)

100°C

o Mil L23699
* Nissan CVT

P

0 0.5 1.0 1.5

Pressure, p f GPa

10°F

103_

Viscosity, u/Pa s

10"+

10!

o Mil L23699
® Nissan CVT

0.30 GPa
0.53 GPa

0.59 GPa

1

50 100 150 200

Temperature, T/ °C
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This was based on the observation of the similarity of viscous flow to
diffusion (diffusion coefficient is given by D being [ exp(const/T) and also by
regarding the flow of molecules past each other as analogous to a chemical
reaction (the effect of temperature on the rate of chemical reaction R being
also [0 exp(E/RT) where E is the activation energy). The general form of the
pressure [134] and temperature [135] dependence of viscosity has been known
for at least 50 years. Viscosity is now known to vary with temperature in a
greater than exponential manner and temperature -viscosity equations
generally allow for an wunbounded viscosity at some characteristic
temperature. At high pressure, the pressure-viscosity response is likewise
greater than exponential, often following a less exponential response at low
pressures [135].

Fein [136] considered that the low shear viscosity, 4, was an
exponential of fluid density. Later, the so called “free volume model was
developed [137]. A viscosity model that can describe the temperature and
pressure response is the pressure modified equation introduced by Yasutomi

et al. using the free volume model [138] given here as

-23C,(T - (Tgo +AInL+A, p|)>{1— B, In(1+ B, p)}
C, +(T - (T + A nL+ A, {1~ B, In(L+ B, p)}

(2.36)

1(p,T) = p, exr{

M is the viscosity at a glass transition temperature T, given by the expression

in the triangular brackets. The expression in curly brackets is the relative free
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volume expansivity and A1, Az, Bi, Bz, C1, C; and Tg are parameters that are
determined by fitting Eq. 2.36 to experimental data for a specific fluid. Eq.
2.36 suggests that increase in pressure raises viscosity whereas the raise in

temperature drops viscosity as shown in Fig. 2.8
2.9 Final Droplet and Particle Size Formulae

Every ultrasonic transducer/nebulizer generates heat into the liquid which it
is intended to produce droplets from. Since ultrasonic spray pyrolysis set-ups
are closed systems, an increase in the temperature accompanies an increase in
pressure. The subsequent increases in temperature and pressure affect the
density, surface tension and viscosity. As such the droplet size, which is
heavily dependent on these parameters, is also affected. In this section, the
study on how these changes in temperature and pressure in the precursor
liquid would affect the droplet size and hence the final particle sizes after
pyrolysis are consolidated.

From sections 2.1 to 2.3 is seen that all the three parameters decrease as
temperature is increased. However, as pressure is increased, only surface

tension decreases; the other two parameter- density and viscosity- increase.

o (ﬁj +00013We(p T (On(p. ) " (1, (pT) **

o(p,T)
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(2.38)

(2.39)

After substituting the pertinent parameters, the droplet size can be

written in terms of the temperature and pressure dependent liquid density,

viscosity and surface tension as

0.008

9

1/3

j +0021272
2
0

The density-temperature function was adopted

g
Yo,

D =114x 10_4(

(2.40)

from the Redlich-

Kwong equation in Eq. 2.34, surface tension was taken from the presently

derived expression from Lynde and Palmer theories given in Eq. 2.29 and

viscosity-temperature profile was determined from Eq. 2.36. Eq. 2.37, plotted

in Fig. 2.9, shows the variation of droplet size as a function of liquid

temperature. The droplet size decreases as temperature is increased.

The small changes in liquid pressure in a typical pyrolysis session lead

to very small changes in surface tension, density and viscosity and hence on

the droplet size. The droplet-size versus liquid pressure is therefore not

shown.
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Fig. 2.9 A Mathematica plot showing the variation of droplet size with liquid

temperature

2.10 Theory of Pyrolysis for Materials Processing
Pyrolysis is an application of the phenomenon of droplet generation
from liquids by ultrasound waves. It involves materials deposition by
carrying the so-produced liquid droplets into a heated zone where the
droplets undergo (1) evaporation, (2) decomposition (3) reaction into new
products and (4) condensation of the new product onto a filter or a substrate.
The theory of transitions of the liquid precursor droplet of initial

diameter, D, in the heat field and the consequent transformation into a new
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material particle of diameter d is simple. During the preparation of the

precursor solution suitable for spray pyrolysis, a precursor material of mass
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Fig. 2.10 Experimental observation of the dependency of droplet and hence
particle size on nebuliser frequency (a) and precursor concentration (b). From

S. Gurmen et al., Mater. Res. Bull. (2006) Ref. 139

myy is dissolved in a solvent so that if the concentration of this precursor in the
solvent is ¢y then

m, =c, .gnD3 (2.41)

D is dependent on both frequency of the sound and the concentration of the

precursor as shown in the previous sections and as illustrated in Fig. 2.10
After pyrolysis-dissociation and decomposition - the precursor

material, a remnant of evaporation, is further reduced to the final particulate

of mass of m, plus other species that mostly are in gaseous state and hence
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evaporate off without depositing. The particulate mass after assembly can be

written as
M p
m, = M m,, (2.42)

M, and M, are the molecular masses of the final particle and the precursor
material respectively. Assuming that the initial liquid precursor droplets and

the final solid particles are spherical Eq. 2.41 and Eq. 2.42 can be combined to

give

4 M 4

—mp,d*=—2c,.—7D° 43
3Pl =Gy (43)

pr

d is the final particle diameter. This simplifies to the following equation

1/3

— Cpf M p

d=D| " (43)
p pr

Eq. 2.43 has been widely used by a number authors employing ultrasonic
spray pyrolysis in production of nano-particles to predict the final particle

sizes.

211 Ultrasonic spray pyrolysis

USP as an application of the wultrasonic droplet generation
phenomenon has attractive features, like the traditional spray pyrolysis, of
simplicity, economic viability, high deposition rate, possibility of coating over
large areas and continuous operation [38]. But unlike other commonly known
pneumatic atomizers, it has been described to possess the advantages of “...

chemical purity and stoichiometry” and allows a narrow distribution of
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particle sizes. A large proportion of the droplets is below 20 um and these are
produced with low in-flight speed. This prevents the droplets from being
removed from the gas phase by impact onto the walls of the reactor and
through droplet-to-droplet collisions and consequent coalescence. The major
disadvantages are potential for hollow structure or fractured particles which
could be good for other applications and that the droplet production rate is
typically low and highly dependent on the throughput of the nebuliser.

Since there are numerous publications, in the period from 1999 to the
present [Appendix T1], on materials processing using ultrasonic pyrolysis, it
was seen as convenient that these publications be tabulated for a quicker
identification. The tabulation, presented in Table 2.1, is categorized in fields of

(1) final material and applications,

(2) suitable precursor liquid,

(3) nebuliser frequency and flow rates.

Worth noting are a few USP set-ups that have attracted attention
through the years and the novel nano-structured materials they have
produced. A setup by CNR Rao’s group illustrated in Fig 2.11 had an
ingenious provision for constant precursor liquid level apart from the usual
USP components [281,282].

One of the most important parameters for optimization of ultrasonic
spray pyrolysis is flow rate of the precursor droplet. At extremely low flow

rates, the throughput of the USP system is small at the benefit of obtaining
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truly nano-sized, nano-structured and completely-decomposed targeted

materials. At extremely high flow rates, yield is high but complete
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Fig. 2.11 A nebulised spray pyrolysis by C.N.R. Rao’s group (from Ref. 241)

decomposition of the precursor is compromized as the residence time of the
precursor in the heated zone is small. An optimum flow rate is therefore
necessary to obtain both high yield and pure materials. The relationship for
residence time can be easily shown to be d and L are the diameter and length

of the reactor respectively and Qo is the flow rate of the precursor assuming
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that the velocity of the carrier gas is the same as the velocity of the carried
precursor droplets. In the real case where the above assumption does not

apply, temperature, T, and pressure, p, of the system are taken into account.

2
oL

=10, (2.44)

In this case then the expression for residence time is given by C. Michel et al.

(2006) [190] as

les = L (ij(ﬁj (2.45)
4Q, \P AT

To is room temperature, Py is the atmospheric pressure.

In order to maximize t.s one can increase L to the maximum possible
length. Increasing L has the disadvantage of an uneven temperature profile
over a long distance. One then needs to have several short heating zones
whose temperature profiles are constant and manageable. Since the nature of
products from USP depends in part on the control of the furnace temperature,
Taniguchi and co-workers [194] have made an elaborate setup with a furnace
having several heating zones. A typical example of such multi-zone furnaces

was well illustrated by Taniguchi’s group [194]. This is illustrated in Fig. 2.12
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Fig. 2.12 A typical example of an ultrasonic spray pyrolysis employing a
multi-zone furnace for control of product shape, particle size and other

parameters. From Taniguchi’s group Ref 194.
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Fig. 2.13 Scheme of the asynchronous-pulse ultrasonic spray pyrolysis
(APUSP) method used to obtain BixSs rod-like particle thin films with (1)
substrate, (2) furnace, (3) spray nozzles, (4) carrier gas, (5) solution, (6)
membrane and (7) ultrasonicator. From S.- Y. Wang et al. (2002), J. Cryst.
Growth (Ref. 242)
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The asynchronous-pulse ultrasonic spray pyrolysis (APUSP) is another
interesting design suitable for growth of stacked films or controlled doping
and development of superlattices. In APUSP, two more ultrasonicator-
containing chambers are harnessed. Each chamber contains the appropriate
precursor solutions that are to be deposited - the host and the dopant etc. The
“sonicators” in these chambers are controlled by a pulse generator one at a
time in an asynchronous manner. The period of each chamber’s pulse
determines the level of doping, or the thickness of the layers in the
superlattices.

In a typical APUSP (Michel Lopez and Zea 2006 Ref. 190) an inert gas is
first introduced to the reaction chamber at relatively low and steady flow rate
for about 30 minutes to drive the air out. The nebulised solutions - precursor
and dopant are delivered to the substrates in pulses through the nozzles. Each
spray lasts 5 seconds for both but after the spray of the dopant is conducted, a
delay of 2-4 seconds was employed to ensure that the introduced dopant was
completely decomposed before conveying a pulse spray of the host. The
deposition is carried out by repeatedly performing these spray processes. It
took 12-14 s for each cycle and the deposition time lasted for 15 -30 mins for
the preparation of one sample. An appropriate interval between the pulse
spray of dopant and host solutions play an important role in depositing high
crystallinity films.

There are cases where the precursor liquid to be sonicated passes

through the ultrasonicator and introduced from the top rather than from the
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bottom as shown in Fig. 2.14. This design has the advantage of high yield of

final desired product. However, introducing droplets from below has the

advantage of selecting on the small droplets with most of the large one

returning to the precursor under gravity.
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Fig. 2.14 Example of a USP system where the precursor liquid flow

passes through the nebuliser (a) From Lee et al. [274] , (b) From Patil & Patil

(2000) [256,260] and (c) the substrate is cut into several plates so that several

samples are made out one run. From Baykul & Balcioglu, Microelectronic

Eng. (2000) [259]
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In both the Lee et al. (1998) [274] set up shown in Fig. 2.14(c) and that of Patil
& Patil (2000) [256,260], the substrate has its own special heater apart from the

standard furnace. Contrary to heating substrates, Kang & Park (1999) [262],
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Fig. 215 An example of a USP set-up where both the precursor solution
container and the particle collector are maintained at controlled temperature
(right). Zinc oxide-dispersed silver particles by spray pyrolysis of colloidal

solution. From Kang and Park, Mater. Lett. 1999

realised that subjecting the particle collector to coolants such liquid nitrogen
helped prevent Ag nano-particle agglomeration and they become well
dispersed in ZnO as illustrated in Fig. 2.15. Note that in their USP design,
they included a temperature controlling water bath around the precursor
container to prevent

changes in temperature and pressure which in turn have an effect on droplet

size as shown in the previous sections.
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An interesting USP system employing a novel heating source was
reported by Matsuzaki and co-workers [263] when synthesizing yttria
stabilized zirconia thin films. Their substrates temperatures were controlled

by heating a “susceptor” with an infrared radiation heater [Fig. 2.16 (d)].
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Fig. 2.16 Microstructure of the surface of the thin films deposited on quartz
substrates. The films (a), (b) and (c) were deposited at 873, 923 and 1023 K
respectively. (d) An illustrastion of the Infrared USP (e) Grain size as a
function of temperature of the substrate. From Matsuzaki et al., TSF (1999)

[263]
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The substrate temperature could be tuned from 873 K to 1023 K.
Materials obtained from this setup have a type of morphology as illustrated in
Fig. 2.16 (a)-(c). It is interesting to note that grain size increases with substrate
temperature, the Arrhenius plot shows that the activation energy for yttria
stabilized zirconia is about 68 k] mol! and grain size increases with increase
in deposition rate. The particles obtained by this work were rather large in
general. This could be due to

(1) agglomeration at higher substrate temperatures an effect known as
the Oswald’s ripening

(2) spraying from the top as alluded to before.

The Ostwald’s ripening observed here should be distinguished from
the opposite effect which was observed recently and reported in Mwakikunga
et al. [42].

In the current study [B Mwakikunga et al., JNN (2008) Ref. 42], spheres
of WOs3 shrank in diameter as the furnace temperature was increased without
heating the substrates where the perfect sphere would land. In the case of
shrinkage in diameter as a function of surrounding temperature, it was found

that the data was in agreement with the Tiller equation given as

40 .Q,,

d. = _ 2.46
* RTIn{p/p (2.46)

Oe is the interfacial energy between the nucleating materials and the

surrounding environment and Qum is the molar volume of the nucleating
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material. A number of authors have used this equation in explaining the
growth of nano-wires by chemical vapour deposition [Tan et al., APL (2003)
Ref. 283]

Recently, another innovation to USP has been the manner in which
droplets are produced from the precursor liquid. Apart from spraying with
ultrasonic nebulisers, it has been realized from the days of Lord Kelvin that

by applying a high potential difference to the liquid surface makes such a
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Fig. 2.17 (a) Electrostatic assisted USP (EAUSP), note that aerosol are directed
onto the substrate from the top From Chen et al., Mater. Res. Bul, 2007 [Ref.
140] (c) Electrostatic spray deposition (ESD); note that deposition is from

bottom to top From Zaouk et al., Micro Eng. 2000 [Ref. 175]
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surface erupt into liquid droplets. In electrostatic assisted USP (EAUSP), a
high tension is applied between the liquid and the substrate. There are cases
where the precursor liquid to be sonicated passes through the ultrasonicator
and introduced from the top rather than from the bottom as shown in Fig. 10.
This design has the advantage of high yield of final desired product.
However, introducing droplets from below has the advantage of selecting on
the small droplets with most of the large one returning to the precursor under
gravity. If a liquid is forced to flow through a small nozzle which is subjected
to an electric field, the liquid will exit the outlet in different forms or modes as
a result of different electrodynamic mechanisms. These modes include among
others dripping mode, cone mode, cone-jet mode and spindle mode [Zaouk et
al., 2000 Ref. 175]. The kind of mode the spray displays depends on the
electrical potential applied to the nozzle, the flow rate, the conductivity and
the surface tension. For film deposition, the cone-jet mode is the most
suitable, it is a continuous mode and the formation of a homogeneous fine
spray is possible. In this mode, there exists the so-called “Taylor cone” with
49.3¢ half angle at the apex of the cone (see Taylor instability in the previous
section). This cone is extended by a jet which breaks up into spray droplets to
generate an aerosol of the precursor liquid. Chen et al. [140] final particle
morphology has large particles and large flakes. This could be due to
agglomeration of droplet as they descend. The best way to select only the
small droplets is to have the substrate above the spray. The large ones cannot

make it to the substrate and therefore are forced to return to the ultrasonic
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nebuliser. As for Zaouk et al., the potentials need to be optimized for self

assembly
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Fig. 2.18 Flame assisted USP (FAUSP) From: Chen et al., Eur. J. Solid State &

Inorg. Chem. (1998)

An interesting kind of pyrolysis is called flame assisted USP (FAUSP). FAUSP
was developed in the 1980’s. It operates by injecting the spray of a precursor
solution obtained from an aerosol generator into a combustion chamber
where the individual droplets are rapidly combusted. Fuel such as natural gas
or hydrogen is introduced in order to generate the appropriate high
temperature. In some case, instead of external fuels, flammable alcoholic

solutions are used as precursors.
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Fig. 219 The figure shows the effect of calcination temperature on

morphology and crystallinity of Co3Os, CuO and NiO. From S. W. Oh et al., J.

Power Sources (2007) [Ref. 182]
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The spherical shape of the particles definitely comes from the spherical
droplets from the precursor liquid [50]. When scanning electron microscopy is
performed on these particles one can see the manifestation of spherical
daughter particles from mother spherical liquid droplets. The particle size
may be less than 3 pum [see Fig. 2.19] from the four SEM micrographs (a) but at
higher magnification with TEM (bottom right) the morphology changes to
one showing that the spheres are composed of numerous crystallites whose
size as determined by the Scherrer equation from X ray diffraction shows they
are nano-crystalline. The crystallite size increases as the calcinations
temperature is increased. Bucko, Ref. 284]. This is equivalent to increasing
substrate temperature and thereby increasing particle and crystallites sizes as
seen above. However, this is to be contrasted from the in-situ furnace
temperature increase which has the reverse effect of decreasing the particle
and crystallite size as shown in Fig. 2.20 [from M Yuan et al. (1998) [Ref. 268]
also found hollow spheres when preparing zirconia and yttria-stabilized-
zirconia (YSZ) fine powders by flame- assisted ultrasonic spray pyrolysis.
This was attributed to the presence of nitrates in the precursor.

Prior to this study, Messing et al. [285, 286] had studied the spray
pyrolysis of nitrate solutions and proposed a mechanism to explain the
particle morphology. During the pyrolysis of spray droplets in the flame, the
evaporation of the solvent and the reaction/decomposition of the solute
proceed successively from the outer part to the inner part of the droplets.

When a nitrate solute with a relatively low melting point is present, it melts to
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fill the pores of the structure. The molten salt will inhibit the removal of the
trapped solvent in the inner parts of the droplets as a result of the reduction
of the gas permeation. This leads to a build-up of internal gas pressure and,

finally, explosion or foaming of the particles to form hollow particles or

particle fragmentation with a broad size distribution.

erysiallite siwr, mm

average particle siec, 0in

Fig. 2.20 Effect of furnace temperature during synthesis on the morphology

and crystallinity of BZrOs nanopowders by USP (from M.M. Bucko & J.

Obtakowski, | Eur Ceram Soc., (2007) [Ref. 284])
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Fig. 2.21 (a) and (b) SEM images of hydroxyapatite (Hap) powders by the

USP/SAD method showing the gaping hole in one of the spheres in (b) an

indication of the possibly hollow nature of these spheres [From G.-H. An et

al., Mater. Sci. Eng. (2007) Ref. 163] (c) More vivid proof of hollow NiO-

Smp.2CepsO1.9 composite spheres [S. Suda et al., Solid State Ionics (2006) Ref.

185] (d) and (e) HRTEM image of LiFePPO4/C composite prepared at 450°C

showing a shell structure and the intersection of the shells of other spheres

[From M. R. Yang, ]J. Power Sources (2006) Ref. 180] (f) A conceptual model

proposed by Yang et al. (2006) on how the hollow LiFePO4/C composites

form with or without voids.
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Of interest, apart from the production of nano-particles by ultrasonic spray
pyrolysis, has been the attainment of one-dimensional structures. Many of the
one- dimensional structures have been micro-sized such as the ZnO nanorods
grown almost at right angles to the substrate surface [147,166,168] as shown in
Fig. 2.23. This one-dimensional growth only happens at specific conditions.
Note that as furnace temperature is reduced that micro-rod diameter
decreases.

Another interesting case of one dimensional growth by USP was
observed by Htay et al. [287] who reported micro-sized platelets, wires and
tips of ZnO obtained at controlled conditions. Temperature of synthesis was
found to dictate the morphology of the micro and submicron-structures that
they obtained. In this case different furnace temperatures yield different
structures- rods, wires or platelets. One-dimensional growth from spheres of
WOs which transform themselves into WxOy nanowires after thermal
annealing at 500°C in argon for 17 hours [Mwakikunga et al., JNN (2008) Ref.

42] has been observed.
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Fig. 2.22 Examples of XRD, SEM and TEM micrographs of LiMn2Os particles
prepared from various precursors (1) dense LiMnxOs with porous surface
structure (2) hollow LiMn;Os particles with hybrid surface structure (3)
hollow LiMnyOs particles with smooth surface structure and (4) hollow

LiMn2Os with shrinkage surface structure. From Matsuda & Taniguchi,

Journal of Power Sources (2004) [Ref. 217]
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Fig. 2.23 SEM images of ZnO microrods deposited by USP at (a) 550°C (b)
500°C, (c) 450°C and (d) 400°C [From U. Alver et al., Mater. Chem. Phys.

(2007) Ref. 147]
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Fig. 2.24 ZnO samples grown from one kind of precursor for 120 mins at (a)
300°C, (b) 400°C, (c) 500°C and another kind of precursor for same period of
time at (d) 300°C, (e) 400°C and (f) 500°C [From Htay et al., Jpn ] Appl. Phys.

(2007) Ref.248]

Recently dense one-dimensional nano-ribbons of VO2 grown by USP at
700°C in argon carrier gas without the need for thermal annealing was also
observed. Their electronic transition temperature at 70°C was confirmed using
a four-point probe technique. Most of the present results are discussed in
Chapter 5. It was found that for the same synthesis conditions, furnace
temperature, precursor flow rate etc, vanadium oxides yielded mostly

nanobelts, nanoribbons and sheets where tungsten oxides showed nanowires
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and nanorods. The role of the crystal structures of the final products on the

surface morphology of the samples is discussed in the forthcoming chapters.
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2.12 Laser pyrolysis
The novelty of the laser pyrolysis technique and the quantum-mechanical
nature of the interaction of coherent and quasi-monochromatic radiation with
matter deserved a separate section. The decision to try this approach to
producing nano-stuctures of Vanadium and Tungsten oxides was open an
addition view to the world of one-dimensional growth over and above the
spherical particles and quantum dots. In this section, the use of light in
general and lasers in particular in interacting with matter and materials
processing applications is briefly reviewed.

As early as 1873, James Clerk Maxwell used the electromagnetic theory
to calculate force on solid bodies due to absorption or reflection of light [288]
and in the early 1900s quantitative measurement of the force on bodies and
gases were done especially as well demonstrated by the Crooke’s radiometer
[289]. In 1917 Albert Einstein [290,291] using the quantum theory to calculate
the influence of the electromagnetic radiation on the motion of molecules,
showed the importance of the Planck’s blackbody spectrum in his calculation.
In later years, 1933, Otto Frisch performed the first experiment showing
momentum transfer to atoms by photon absorption [292] and also in 1950
Alfred Kastler used light to cool and heat atoms [293]. In the 1970s, with the
advent of more intense lasers, more pronounced effects on deflection of atom
beams were observed. The first laser pyrolysis experiments (named
differently then) with the COxz laser tuned at its 10P2o line of wavelength 10.59

Hm are known to have been first performed by Bachmann between 1974 and
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1975 [294]. The types of materials that have been reported to have been
synthesized by this method in the period 1974-2008 are listed in Table 2.2
from Refs 305 to 405. In Fig. 2.25, a graph showing the progress in materials
processing research by laser pyrolysis from 1974 to 2008 in terms of number

of publications per year are presented.
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Fig. 2.25 Annual frequency of publications on laser pyrolysis from 1974 to

2008

One of the crucial subjects on laser pyrolysis is the measurement of the
temperature of the aerosol at the time of its interaction with the laser beam.
Measurement of this temperature cannot be accomplished with the traditional

thermometer or thermocouple. Any contact with the hot aerosol changes the
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temperature one is intending to measure. For this reason, non-contact
methods are preferred. In this case, bolometers can be used. The most popular
methods have been optical methods.

However, the understanding of the role of the laser intensity on the
raising of the temperature of the aerosol has attracted a great deal of attention.
In the next section various attempts to understanding the relationship
between laser intensity, laser wavelength on the temperature and dissociation
protocols are outlined. Since these theories have failed to explain some recent
experimental data on laser intensity versus aerosol temperature, another way

to get around this problem in the Chapter 5.

2.12.1 Bowden et al. (1977) low level excitation model

Bowden et al. [295] proposed a model for laser-induced photo-chemical
reactions in which selective low-level excitation of a molecular species by the
laser beam was assumed to incorporate coherent resonant energy transfer
with collision damping. The resonant bonds were seen to be the heat sources
and the non-resonant ones were the heat sinks. The Bowden et al. model was
designed based on a pulsed COz laser source. In the case where the laser pulse
width is much smaller than the molecule collision times, one has a collision-
free interaction and vice versa. The Hamiltonian which Bowden et al.
developed especially for the laser interaction with gas molecules with

collisions and collision damping led them to the following important equation

n= + (2.47)
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n is the expectation value (or transition probability) that the molecule is
promoted from ground state to excited state at a Rabi flopping frequency wx.
The Rabi frequency is related to laser intensity I by I = wr2. The laser detuning
A is the deviation of the resonance frequency wy from the laser frequency, w.
In this equation, (3 is equal to 1/kpT, Qr is the coherent exchange rate, 77 is the
damping coefficient whose meaning will become clearer in the next sections.
Aerosol temperature as a function of laser intensity and detuning can be

written from Eq. 2.47 as

-1
2 2 2 2 2
hw[u{/] +nn? +nA? + | +2A.QR+2nQR+QR+nQRj:| 2.48)

T="%
k n? +nA* +1 +2nQ . +nQ3

B
When plotted in Mathematica for the usual values of h = 6.676 x 1034 J.s, kp =
1.38 x 102, n = 6.16 x 107 sl and any values of & A, and Qg, this equation
shows a generally direct linear relationship between aerosol temperature, T
and laser intensity I [see for example Fig 4.5]. This is expected only for low
level excitation as proposed by Bowden et al. However, the model fails at high

laser power where the relationship clearly shows non-linearity.

2.12.2 Models based on resonant ionisation

Another important theoretical work on the interaction of laser light
with atoms was presented by Hurst & Payne (1988) [296]. This work is more
relevant to resonance ionization spectroscopy (RIS) rather than heating. Hurst
& Payne developed a quantum mechanical treatment which could deal with

coherent excitation and the related ionization. They assumed that the laser

104



either has a band width which is limited by Fourier analysis or has only a few
cavity modes present in the spectrum. The functional form of the laser field
was generally assumed and the effects of collisions on the laser excitation and
magnetic sub-state redistribution were ignored. With regard to temperature
of molecules, this model uses the blackbody radiation as empirically
determined by Max Planck and theoretically derived by Albert Einstein. The
laser frequency is assumed to be at exact resonance with the molecule system
that is being excited by the laser. Not much has been accounted for with
regard to the role of laser intensity or detuning on the temperature of the gas

molecules or atoms.

2.12.3 Kaldor et al. ’s review

Kaldor et al. (1982) [297] reviewed some of the important underlying
science aspects of photochemical and photo-thermal processes. Their
discussion concentrated on those areas of laser chemistry which offered a
considerable potential for commercial application and examples were selected
which illustrated this point. Specific subjects treated included laser isotope
separation, purification, chemical synthesis, laser pyrolysis, laser production
of novel materials, laser-initiated chain reactions, laser control of electronic
effects, and laser chemistry at surfaces. In this review it was important to note
the three phenomena possible during the laser light interaction with matter:

(1) the molecule is initially vibrationally excited without any electronic

excitation
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(2) electronically excited where chemical reactions are possible and

(3) ionisation.
In the first case the pathways to molecular vibration are

(a) absorption of a single IR photon

(b) a sequence of many IR photons

(c) coherent multi-photon excitation

(d) excitation by an overtone and

(e) combination band of the molecular vibration using a visible laser.

All these pathways produce molecules which are vibrationally excited
in the electronic ground state. The second phenomenon, where molecules are
excited electronically leading to photo-chemical reactions is accomplished
using a visible or a UV laser. The third phenomenon, production of ionic
species, is accomplished using all wavelengths of a laser (IR, visible, UV) with
large intensity via single or multi-photon absorption or via dielectric

breakdown.

2.12.4 El- Diasty et al. (2003) SiH4 pyrolysis theory
El-Diasty et al. (2003) [298], in line with Kaldor et al. classification,
outlines four mechanisms through which molecule excitation by the COz laser
possibly happens:
(A) Linear absorption mechanism from Haggerty & Cannon [299]
and Party et al. [300], that is, one photon per dissociation.

But, from activation energy for the reaction of SiHs with
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CoHj4 into SiC which is about 3 eV, one would need about 30
photons from the 10.6 - pm CO: laser energy of 0.1 eV. Also,
for instance, the Si-H bond energy, which is about 2.8 eV,
would require about 28 photons from the 10.6 pm laser to
break it. These instances call for a non-linear absorption
phenomenon [301]. This then calls for another mechanism B

(B) A collision free multi-photon absorption (MPA), where laser
pulses are shorter than the molecular collision times and
mechanism C,

(C©)  acollision induced MPA. El-Diasty et al. classify mechanism D,
pyrolysis, separately from the mechanisms A, B and C.

(D)  Inan attempt to elaborate on pyrolysis, El-Diasty et al. start from
the Beer-Lambert’'s law I = Ip exp(-a.p.L) where a is the
absorption coefficient, p is the pressure and L is the length
along which the laser beam traverses during the transverse
interaction with the molecules. The absorption cross-section
Ox was written in terms of Lorentz or pressure broadening
Avr as

Av,

(2.49)

0o is the absorption without pressure broadening and A is the detuning or

frequency mismatch as also seen in the Bowden et al. model above. The
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frequency dependent absorption coefficient a(v) corrected for the so-called

“Doppler pressure broadening” is given as

a(v)=a, exp{— 2lv—vo)(in 2" T (2.50)

Av,

Avp is the Doppler FWHM determined previously by Lengyel [15] empirically
in terms of line position Vo of the laser and temperature T of the surrounding
which in the present case is the temperature of the molecules being excited by

the laser

1/2
Av, = 7.162x 10‘{%} (2.51)

After such a quantitative analysis of the pyrolysis of silane by El-Diasty et al. ,
no direct relationship is provided between how hot the gas gets for a given
laser power.

Due to the lack of a conclusive theoretical model that would be used to
predict the temperature of the aerosol while in the laser beam, this discussion
is continued in Chapter 5 where a current alternative model is presented and
used to estimate the temperatures of the precursor plume in the chamber.

In conclusion, this chapter has shown the many forms of spray
pyrolysis. The role of the temperature of the precursor liquid in changing the
final particle size has been demonstrated. Also the known theories of laser
pyrolysis have been reviewed with the intention of exposing some gaps in the
understanding on photo-chemical and photo-thermal reaction. More

proposed theories are presented in the Discussion chapter.
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Chapter 3

Size Matters: Properties of Materials at the Nano-scale

This chapter considers some theoretical aspects and the physics of the
properties of materials as their geometrical dimensions reduce down to nano-
scale. There are numerous properties that are affected by the size but only
some of them will be considered such as hysteresis width of the thermo-
chromism of VO., electronic properties of VO2 ribbons and vibrational
(phonon) properties of WOs. The change in properties is chiefly due to the

increase in surface to volume (bulk) ratio as the particle shrinks in size.

3.1 Surface and bulk

It has long been realised that surface atoms in materials behave completely
differently from those in the bulk of the material. If one considers the
illustration in Fig. 3.1 one notes that the number of neighbouring atoms
around the surface atom A, for instance, is smaller by a factor of 50% than that
which is surrounding atom B in the bulk. As a result of this fact, one notes

further that there are some un-shared electrons on atom A whereas atom B is

fully filled.
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Fig. 3.1 The difference between surface and bulk atoms. In 2D, surface atoms
are each surrounded by about 3 other atoms whereas the inner (bulk) atoms

are surrounded by at least 6 atoms.

The un-shared electrons on the part of A are often referred to as dangling
bonds. For this reason, mechanical, vibrational, electronic and, consequently,
optical properties of surface atoms/molecules are different from those in the
bulk.

It is also easy to see that the proportion of surface atoms to those in the
bulk material Nsuif/ Nouik can be represent by the ratio, Gwurt, of the surface area

to the volume of the particle.
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Table 3.1 The surface to volume ratio expression for various structures

(< | >(ff 2r rod/ wire (0.) _2,2
r B I
- sphere (0.) _3
sphere r
6
a cube ( wt )h :5
f o) =2.2.2
a cuboid wthus ~ o' o
C
b ;/ strip/ belt/ (@..).. =§+pe;r;:ter
C A "
:I disc (O'Surf )diSC :24.?
y _ v sheet/ film (0.)... :§+;‘
r lid cone/ ti _4S 1)
solid cone/ tip (gm )ﬁp {th, 5
or gb> horn/ cone (0.). = h:; (s+r)

An isolated atom can be said to be completely a surface atom since

there are no neighbouring atoms around it. As the number of atoms aggregate

the number of bulk atoms increase, thereby decreasing the surface to volume

ratio. The expressions for sut for different shapes that materials can adopt

are tabulated in Table 3.1. As the dimensions of the structure decrease, the

value of Guurfincreases very rapidly.
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3.2 Lattice vibrations (phonons) in nano-structures

The effect of size on the vibrational properties of materials appears in
the early work of Tuinstra & Koenig who developed their equation in 1970 for
carbon systems such as amorphous carbon, graphite, diamond, carbon

nanotubes e.t.c. [406].

I basseem) _ C(/\)

| ] C(A=5145 nm)=44 nm

(3.1)

G(158am™) grain

This equation relates the ratio of phonon intensities Ip of the disorder (defect)
peak to the prefect phonon intensity Ic of the perfect graphite peak to the
carbon allotrope grain size. For grain sizes that are smaller than 44 nm, the D
peak is higher than the G peak, otherwise the grain size is larger than 44 nm.
In the 80’s it became apparent that Raman spectral lineshapes for
micro-crystals could not follow the perfect Gaussian profile. It then was
realised that there was need for deeper understanding of the origin of this
asymmetry. Spatial correlation modelling, as it was called, then became one
way to extract information from Raman spectroscopy data. The justification is
that, for a perfect (bulk) crystal of diameter d having vibrational modes of
momentum ¢, the Heisenberg’s uncertainty principle (. ~ h) means that as
al — o (bulk) then d7 -0 (the “g = 0” selection rule applies). As the diameter,
Al - 0 (nano-metric) then the vibrational momentum, &g - c. In this case, the

“q = 0” selection rule breaks down; a contribution from the g # 0 phonons
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determined by the dispersion relation a(q) is allowed. This accounts for the
asymmetric broadening of the peaks in a Raman spectrum. The Richter
equation for confined phonons in spherical nano-particles [407] was modified
to include Gaussian distribution of the phonon momenta and particle size by

Campbell & Faucet [408]. And this equation is given here as

2

(@)=A] (a)—a‘;;()c)); i)(ro 2y | 62

In the Eq. 3.2, [y is the full-width-at-half-maximum (FWHM) for bulk material
Raman peak (for instance /o = 6.5 cm? for WO; [41]), alq) is the phonon
dispersion curve relation (PDR) for the material (for instance A =713 cm, a =
0.76 nm for the 713 cm! phonon branch whereas A = 808 cm™ and b = 0.38 nm
[41] for the 808 cm™ phonon branch). The Richter et al. model is valid for
spherical nano-crystals of mean diameter d for which the Fourier coefficient
C(0,q) was assumed to be Gaussian of the form exp(-42d2/1412) with a phonon
amplitude at the boundary of 1/e. When geometry deviates from a sphere
then adjustment has to be carried out. For a nanowire shape for instance,
confinement is in two dimensions of the diameter of the nanowire since the
length of the rod can be as long as 1 pm. Campbell & Faucet (1986) extended
the Richter et al. model to (1) remove the non-phyical boundary condition of
1/e and tried other values (2) check the effect of other particle-size
distribution functions such as (a) sin (ar)/(ar) by analogy with the ground
state of an electron in a hard sphere (b) exp(-ar) by analogy with a lossy

medium and (c) exp(-a r?/d?). Campbell & Faucet further extended the
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Richter model to other shapes of the micro-crystals such as what they called
columnar (now called rod-like or nano-wires) and also thin films. They
argued that for these two additional shapes, the following Fourier co-
efficients should be incorporated in the Richter et al. equation:

2 qlzdrod ’ 22| rod ’ qul rod
‘C(O,q)‘ Dex _F .eXx _F 1_erf E

2

(3.3)
for a rod of diameter drs and length I,,s and
2T, igr. \°
c(o, 2 Dexg ——Lfim |l opf | 20 film
c(0.0) 1672 NE G4

for a thin film of thickness, Tfiim.

Campbell & Faucet admittedly saw very small significance in replacing
the Gaussian with other size-distribution functions especially for spherical
nano-crystals. Also the Fourier coefficients for thin films and columnar shapes
make the Richter et al. equation even more complicated in that one performs
integration within another numerical integration. A simpler approach to
modifying the Richter equation to include other novel nano-crystal shapes has
been considered.

Consider a small slice of with dr and a distance r from the centre of the
wire in real space as illustrated in Fig. 3.2. In momentum space, this slice
contains phonons of momentum dgp perpendicular to the length of the wire
and a distance gp. In this case, the cross-section surface in the 2D confined

phonons in phonon-momentum space of the wire is equal to 2mydgp.
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Following this argument, the Richter equation has been modified to
account for the geometry of nano-wires by Piscanec [409] and by Adu et al.

[410,411] by changing the d3g term for a sphere to 21ydq for rods

i F{qédwirez]
o0 ex 70,

2 d
o= Q)+ (o 127 | 65

Note that the constant 16T has been replaced with a scaling parameter a that
can be evaluating during the data fitting. Battacharyya et al. [411] also
modified the Richter equation to include size distribution of oxide-coated
silicon nanowires.

Quantum dot structured are assumed to be quasi-zero dimensional
and hence all the atoms are surface atoms. Therefore, the d3g term in Richter

et al equation can be replaced [409] by momentum volume of 41y%dg.

2d 2
ex;{q J
) a

=] o o4

Kim et al. [412] have also modified the Richter equation to suit their
data on nano-slabs. Slab-like nano-structures such as nano-belts and nano-
ribbons have phonon confinement only in one dimension like thin films as in

the Campbell-Faucet model.
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Fig. 3.2 Real space and g-space illustration of how the three-dimensional
confinement, d3g, is transformed to two-dimensional confinement 2mgdg in a

nanowire

3.4 Raman spectroscopy of nano-composites

Arora et al. [415] observed that when nanocrystals of diamond are
dispersed in a surrounding medium of similar materials such as amorphous
carbon, phonon confinement becomes rather weak due to phonon leakage to
this medium. They developed another modification to the Richter et al.
equation based on summation of the discrete standing waves of the phonons
that define the asymmetrical Raman spectral peak for the nano-crystal. The
Arora et al. equation is suitable in cases where any scattering nano-crystal is

embedded in any matrix. The Arora equation is given as
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|(w) = AZN: b, . (3.7)
1+[w— w(qn)J
r,/2
A is a pre-factor to be determined after the fitting session, the summation
runs over the phonon modes a(qn) representing the contribution of phonons
away from the zone centre and is given as a(g,) = ayfsin?(aq/4), where a is the
lattice constant, a is the zone centre phonon frequency. One expects b, to be a
monotonically decreasing function of 7, as the probability of exciting phonons
far removed from the zone centre is expected to reduce rapidly with the

magnitude of the wave vector and bx is assumed to vary according to a power

law bi = bt (b <1). Arora et al. [17] also gave gn as

4 :%, (1<i<N) (38)

Qs is the wave-vector corresponding to the Brillouin zone boundary. Particle
size is estimated to be d = Na. This model has been used to analyse nano-
clusters of carbon in the hosts of ZnO, NiO and SiO> [37] and also this model
has been used to calculate the size of the diamond-like nano-crystals created
when slow highly charged ions interact with highly oriented pyrolytic
graphite (HOPG) [17], although this calculation was not shown in this paper
for the reason that the presence of nano-diamonds was not definite.

The equations can not be solved analytically and therefore numerical
integration codes have to be developed. The codes for the analysis of Raman
spectroscopy data for WO; nano-wires were written as reported in

Mwakikunga et al. [41], carbon in ZnO, carbon in SiO2 and carbon in NiO by
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Katumba & Mwakikunga [37], diamond-like nano-carbon in HOPG by Arora
etal. [17] and VO ribbons in Mathematica™ (manuscript in preparation) and
the results are discussion in the next chapter. The Campbell - Faucet model
and the present model are tested on the same nano-ribbons data in the

chapter that follows.

3.5 Size effects and surface phonons

For particles with less than 5 nm in diameter almost all atoms in that
particle are surface atoms. The ratio of surface to bulk atom is estimated by
the surface area (S) to volume ratio (V). For a spherical particle this ratio is
S/V =3/r where r is the radius of the particle as shown in Table 3.1. If r = 5
nm then S/V is 6 x 108 m-1. Compare this with a sphere of 1 m where S/V is
simply 1 m-l. The peaks 1300 and 1304 cm could be due TO-LO splitting.
This phenomenon has been observed in particles of less than 5 nm. This
regime of particle sizes is known to be a region where phonon confinement
models fail. The essential characteristic of the Raman-active SO phonon
modes is that their peak position and line shape are sensitive to the real part
of the dielectric function of the dielectric medium in contact with the surface
[8]. As a consequence of the TO-LO splitting, a third peak called surface
optical (SO) phonon peak between the TO and LO phonon peaks. For cubic

systems, the peak position of the SO phonon, axo, is given by [416-420]
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m
m+1l. &, (3.9)
m &,

m+1 £,
W+~ o
gM

%:

In this equation m =1, 2, 3, ..., & is the high frequency dielectric constant of
the semiconductor (in the present case the diamond-like nano-carbon) and &m
is the frequency independent dielectric constant of the surrounding medium
(in the present case, graphite). For the publication by Mwakikunga et al. in
Ref. 17 it was noted that €, for diamond varies from 5 to 10 and, for graphite,
€, varies from 10 to 15. With some calculation, it is found that the dielectric
constants of 13.41 for diamond-like carbon and 15.24 for the surrounding
graphite is responsible for the LO-TO splitting of the surface optical (SO)
phonon positioned at 1305 cmt. Both dielectric constants are higher than their
bulk counterparts. These measurements seem to be in agreement with the fact
that most materials become less conductive when their particle sizes are
reduces to nano-meter scale. The effect of size on the dielectric constant is
enhanced on the diamond-like carbon than on the graphite that is

surrounding it.

3.6 Red-shifts due to size effects
Redshifts in Raman spectroscopy owing to the particle size has been
well observed by Zi et al. [422] in Si nanocrystals of spherical and columnar

shape with sizes from 5 nm down to 1 nm. Redshifts up to 30 cm have been
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reported for nanocrystals of diameter of 1 nm. The Richter et al. phonon
confinement model failed to explain the Zi et al. data on Si nanocrystals.
Therefore they used what is known as the Bond Polarizability Model [423] to

derive another confinement model [422] given by

a y
W(d) = e - A{E] (3.10)

In this equation d is particle size, b is the new peak position due to particle
size, wy is the original peak position, A and yare constants that are attributes
of the geometry of nanocrystal. For instance, according to Zi et al. , for
spherical Si nano-crystals A = 44.41 cm-1 and y= 1.44 whereas for columnar

shapes one has A =20.92 cm-1 and y=1.08.

3.7 Size effects on the thermo-chromism

A number of transition-metal oxides exhibit insulator - (or semiconductor-)
to-metal transition [39, 424]. The three main groups among the vanadium
oxides are VinOon1 (e.g. V203, V7013 [424]), ViOzn+1 (e.g. V205, VeOn3 [425] and
V307 [426]), ViOn (e.g. VO) and ViO2n. Among these, VO, is the most
interesting because its transition temperature is close to room temperature (T
[0 340 K), and it displays a 0105 decrease in resistivity as well as a large
change in transparency in the infrared region. VO2 belongs to the V1O2n class
and it is known to exist in four polymorphs - VO2(R), VO2 (M), VO2 (A), VO2

(B) - given in Table 3.2 (a) the most stable VO rutile VO2(R) (b) the
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metastable VO2(M) with a slightly distorted rutile structure (c) a tetragonal

VO:2 (A) and (d) the metastable VO2(B) with a monoclinic structure.

Table 3.2 Lattice parameters for the four polymorphs of VO2

Lattice parameters

ad bAoA o By TEK
VO M) 12.09 3.702 6.433 90 122 90 300
rutile
(monoclinic)
VO (R) 4.554 4.554 2854 90 90 90 > 340
rutile
tetragonal
VO2 (A) 8.4403  8.4403 7.666 90 90 90 300
No transition >340
VO2 (B) 12.03 3.693 6.42 90 106 90 300
No transition >340

Thermo-chromism of VO is attributed largely to structural change
[427]. Characteristics of this change include the formation of cation - cation
pairs and the displacement of vanadium from the centre of its interstice in the
monoclinic phase- a feature characteristic of an anti-ferroelectric-type
distortion. The actual values of the transition temperature and its sharpness
and the lack thereof, have previously been related to variations in
stoichiometry, misorientation between grains, and other morphological faults
only in a qualitative fashion [428]. One of the important properties in the VO2

transition that has been related to grain size is the hysteresis width (HW) of
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the transition. Hysteresis is the change of path during the heating up cycle
and during the cooling down cycle in the resistivity-temperature or
transmittance-temperature or reflectivity-temperature or roughness-
temperature charts. Lopez et al. [429] have shown that as the grain size is
reduced the hysteresis width increases with an accompanied loss in what in
this thesis is called the hysteresis jump (HJ). The Lopez et al illustration of
their experimental observation of this fact is represented in Fig. 3.4 with the
present additional labels of HW, HJ for the sake of illustration.

In order to understand the dependence of the transition on the VO
particle size, Lopez proposed that the semiconductor-to-metal transition is
related to the nucleation mechanism of the VO: crystals. For this they
assumed that (1) the VO2 particles were spherical (2) the classical nucleation
theory applied in which the stress-free Gibbs free energy expression AG = -
(41/3)R3Agex + 4TR?y (With R being the particle size, Agex being the bulk free
energy decrease per unit volume which was assumed to be proportional to
OT-T.Odetermined by the entropy energy difference between the parent and
the product phase as 0.657 MJ/(m3K) and y being the surface energy per unit
area which was estimated to lie in the range 10-20 mJ/m?). From this
equation, a barrier of 10-1¢ J ([b x 102 eV) was estimated which translated to
10%sT at the temperature where the VO transition occurs spontaneously.
Since the thermal energy was too small for homogenous nucleation, Lopez et
al. suggested that nucleation took place at special sites like those observed in

the martensitic transformations. Lopez’s assumption of spherical shape of the
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VO particles is the first weakness in the whole of their attempt to attribute
particle size to the SMT transition since, according to their SEM micrographs,

their VO particles are far from spherical.

T T T T T T T T T T
HW(nano)
100 |- B
k NHJ(nano)
80 |- E
9
o 60r- E
o
= L
= HJ (bulk)
£ 40+ \ \ .
73
C
& L
F o2t 1
ol HW (bulk) |
1 L 1 L 1 L 1 L 1 L 1

20 30 40 50 60 70 80
Temperature (°C)

Fig. 3.4 Hysteresis loops for heating-up and cooling-down cycles in VO; thin
films and VO: nanocrystals. Note the variations in the hysteresis width and

hysteresis jump as the size of the VO; crystals tends to nano-scale

In fact they are belt-like as has clearly been observed in the present
results. Also their nucleation theory as it is assumed to affect the SMT
transition cannot be stress-free as it is well known that there is tremendous
amount of stress as the VO; crystal changes from a monoclinic structure with
volume of 12.05 sin(122) x 3.702 x 6.433 A3 to the smaller volume of tetragonal
symmetry of 4.5542 x 2.854 A3, This stress cannot be negligible and has to be

accounted for. Also, Lopez et al. 's important work shows that as annealing
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time of the samples is increased that equivalent radius increases. Hysteresis
loops at different annealing times (and hence particle sizes) are compared
only qualitatively.

Lopez et al. 's important pioneering observation of the dependency of
the SMT transition on particle size, d is extended. From their qualitative
comparison of the SMT-d, one can draw a conclusion: the smaller the particles
the larger the hysteresis width (HW) and the smaller the hysteresis jump (HJ)
as shown in the illustration in Fig. 3.4. The first quantity, HW, in
Mwakikunga et al. [Ref. 41] was introduced also only qualitatively. In this
work, the statistical description of the VO2's SMT introduced by Pan and co-
workers in 2004 [430] is adapted. Pan et al. , using Raman spectroscopy of VO2
noted that some phonons that are present in the low-temperature monoclinic
structure of VO, are not present in the high-temperature tetragonal structure.
Since the existence of a phonon is either yes or no before and after the phase

transition, Pan et al. gave the following delta function:

1 (T<T)

o(T-T,)= 0 (T>T,) (3.11)

where 0 indicates the existence or not of a certain phonon mode in a crystal
grain with either semiconductor or metallic phase, Tt is the equilibrium phase
transition temperature.

Pan et al. also considered the effect of the spread in the grain size on
the hysteresis loop during the transition process. It was assumed that each

grain had its own hysteresis loop and that each elementary loop was located
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normally to the temperature axis. Pan et al. were able to develop expressions
for the intensity of the Raman mode as a function of the temperature by using
the delta function above and performing integration of all the loops of grains
whose size distribution was assumed to be Gaussian distribution. However,
no direct dependency of the HW and HJ on the particle size was shown. It has
been observed that, while it is true that grain size has a distribution which is
assumed to be Gaussian, it is the temperature which leads to a force of
change. The Gaussian is expressed to take into account the independent
variable T (expressed as thermal energy kgT) and strain energy (expressed as
OeV- where O is the strain energy per unit area at transition and V is the
volume of the grain where the thermal energy is expended). So during the
heating up cycle, the number N+ of grains that transform from monoclinic

phase to tetragonal phase is given as

0 co>T>T.

trl

N. = A, ex{— a(wrl T,,>T>0 312)

a-sd
Similarly, during the cooling down cycle, the number of crystallites N. that

transform from tetragonal back to monoclinic is

0 T,,>T>0

2

N_ = - 3.13

" A ex —a(wj ©0>T>T, G19)
O-Sd

The dependent variable value (transmittance, intensity of the Raman

phonon mode or the resistivity) can be found by using the delta function in
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Eq. 3.11 and the number of crystallites that give rise to the observed property,

thus:
i

I, =1—C+IN+dT (3.14)
T

| =C. IN_dT o5

In this study it was possible to calculate the HW as a difference between Tc1
and Te in Egs. 3.14 and 3.15. It was found that HW increases as the particle
size increases- a fact that opposes experimental observations by Mwakikunga
et al. [455] and several others such as Lopez [429]. Also, the limits of
integration are not physical. For instance, there is no such thing as negative
temperature on the Kelvin scale and lowest on the Celsius is -273°C and not -

. This discussion is continued and concluded in Chapter 5
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Chapter 4
Production of VO2 and WOs3 Nano-Structures by Laser Pyrolysis (LP) and

Ultrasonic Spray Pyrolysis (USP)

In Chapter 2, a background to ultrasonic spray pyrolysis (USP) and laser
pyrolysis (LP) techniques has been laid. Characteristic of USP is the low cost
when compared to the purity of materials it is capable of realizing, ease of
assembly, operational safety and simplicity of the operational procedures. LP
on the other hand is probably fifty-times more expensive than USP on both
the initial purchasing and running costs, laser safety procedures to be
adhered to and the requirement for the on-the-dot alignment of the optical
system. In addition, in the present system, the source of impurities has been
difficult to trace since the materials that the laser excites cannot all be known
at the beginning.

Although expensive, LP has advantages of being able to produce new
materials that cannot be produced when using other traditional methods. This
is accomplished through LP’s

(1) selective dissociation and

(2) rapid quenching.

In the present case, going through the LP process helped us realize the
possibility to produce one-dimensional materials by annealing. This is due to

the requirement that arose as a result of the LP process to complete the
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reaction, for instance, of WOx to stoichiometric WOs by post-deposition

annealing.

4.1 Production of VO2 by Ultrasonic Spray Pyrolysis (USP)

Some considerable detail on the experimental set for USP was fully
outlined in Mwakikunga et al. [39] where the first-ever production of
stoichiometric VO. by this technique was reported attached in the appendices.
For the sake of completeness, how materials were obtained by this method
will be re-described here. The USP system composes

1. A container comprising a transducer that produces ultrasound waves

and the precursor liquid to be “pyrolyzed”. The ultrasonic waves of
frequency 1.67 MHz were focused to the solution surface to produce a
vapor of ultra-small droplets.

2. The carrier gas system for the delivery of the precursor droplets. The

droplets were carried in a quartz tube by a constant flow of argon at 11
L min? for samples VO2-400, VO2A and VO2B and 18 Lmin? for
sample VO2NB

3. The heated zone which could be a furnace, oven or any heater. The

most vital part of the USP system is the heating system which has to
comprise, for instance, a furnace and temperature -controlling
electronics. Controlling temperature and flow rates in turn controls the

shape, size and structure of the materials produced.
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4. Powder collection system: The powders were deposited at the exit of
the furnace on Corning glass substrates and on borosilicate glass

5. The exhaust system.

Fig. 4.1 is a schematic of the full USP system where the above systems can be
identified. For the production of VO: particles, the water-soluble precursor of
NH4VO3 (ammonium meta-vanadate) +VCl; (vanadium tri-chloride) was
used. The combination of NH4VO; and VCl; is due to the fact that V has a
valence of 5+ in NH4VOs3 and 3+ in VCls.

The average valence of the combination gives a valence of 4+ which is
exactly the valence of V in VO,. However the production of VO; is a little
more than playing with the precursor; the nature and flow rate of the carrier
gas, temperature and the nature of substrate have their influences on the
stoichiometry and morphology of the VO.. For instance one got spherical
particle at low flow rates [39] but one obtained dense nano-ribbon at high
flow rates for the same temperature without the need for post-synthesis

annealing.
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Fig. 4.1 Schematic set up of USP: (1) ultrasonic nebuliser transducer, (2)
precursor liquid (3) carrier gas inlet (4) nebuliser power supplier (5)
connecting bellow (6) quartz tube (7) tube furnace (8) substrate (9) substrate

holder (10) exhaust pipe (11) temperature controller. (From the Ref. 41)

aq.NH VO, +VCl,(s) O S8 7Y _ VO, (s) + NH ,(g) + H,0(g)

aq.NH VO, +VCl,(s) O 7S % VO, (s) + NH,(g) + H,0(q)

aq.NH VO, O 8" f - VO, (s) + NH,(g) + H,0(g) (4.1)
aq.NH VO, O TE*M Y  vO, (s) + NH, (g) + H,0(q)

a.NH VO, O TE*¥™ 'Y — VO (s) + NH,(g) + H,0(g)

4.2 Production of Tungsten Oxides by USP

For the production of WOs;, the water-soluble (NH4)sW7024.6H20O
(ammonium meta-tungstate hexahydrate) was employed. In this case, the
temperature of the furnace played an important role in changing the
composition of the W and O in the WOx phases. At low temperatures- 100 to

300°C- the W-oxide phases are rich in oxygen with x being greater than 3.
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Above 700°C the value of x is below 3 showing that the oxides are oxygen
deficient [42].

Table 4.1 Experimental parameters for the production of various VO2 samples

Sample ID Flow rate Gas type Furnace temp Deposition
L min-! time
VO2-400 11 Ar 400 25
VO2A600 11 Ar 600 25
VO2B700 11 Ar 700 25
VO2WG700 18 Ar 700 40
VO2CNG700 11 H» 700 25

Table 4.2 Experimental parameters for the production of various WOs

samples
Sample ID Flow rate Gas type Furnace temp Deposition
L min-! time

W1 11 Ar 100 25

W2 11 Ar 200 25

W3 11 Ar 300 25

W4 11 Ar 400 25

W5 11 Ar 500 25

W6 11 Ar 600 25

W7 11 Ar 700 25
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4.3 Post-Synthesis Annealing of the USP-produced WO3
More important for the production of dimensional nano-structures is
post-synthesis annealing which was done for 17 hours at 500°C in argon

environment.

Table 4.3 Experimental parameters for the annealing of WO3 samples

Sample ID Flow rate Gas type Furnace temp Annealing

L min! time

(hrs)

W1-500 2 Ar 500 17
W2-500 2 Ar 500 17
W3-500 2 Ar 500 17
W4-500 2 Ar 500 17
W5-500 2 Ar 500 17
W6-500 2 Ar 500 17
W7-500 2 Ar 500 17
4.4 Laser Pyrolysis

The present laser pyrolysis experimental set up as fully described in
Mwakikunga et al. [40-43] is presented in Fig. 4.2 and Refs. 40-43 are attached
in Appendices. Ref. 40 described all the technical details- the reaction
chamber, the laser alignment procedures, the laser beam physics, the nozzle
design, the precursor preparation and the preliminary IR spectral experiments

on the precursor (see Fig 4.3 (a)). A six arm chamber was designed and built
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()

Fig. 4.2 The outline of the laser pyrolysis set up: (1) laser beam (2) focussing
lens (3) stepper-motor (4) substrate (5) three-way nozzle (6) argon gas inlet (7)
carrier gas inlet (8) precursor liquid droplets and carrier gas inlet (9) power

meter (From Ref. 41)

with adjacent arms orthogonal to one another. Two opposite arms were
mounted with 2 inch ZnSe windows tilted slightly from normal incidence to
avoid back reflections into the laser cavity; these formed the input and output
windows for the laser beam, which propagated in the horizontal plane,
parallel to the optical table, through the two-arm length. The entrance
window was 145 mm from the focussing element, and the total length from

entrance to exit window was 590 mm. Orthogonal to the laser beam axis, in
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the vertically upwards direction, the precursor droplets were released into the
chamber and travelled into the laser beam volume. The subsequent products
were collected in one of two configurations:

(a) onto a substrate for production of thin films or,

(b) onto a filter, connected to a pump, for the production of powders.
In the thin film configuration, the substrate was mounted on a rotating stage
driven by a controllable step-motor, which in turn was powered and
controlled from outside the chamber via vacuum-to-atmosphere adaptors.
The last pair of arms, not used in this experiment, allows for viewing the
pyrolysis process through either visual or spectroscopic means. A schematic
representation of the laser pyrolysis concept is shown in Fig. 4.2.

The experimental system for delivery of the laser beam is shown in Figure
4.3. A wavelength tuneable continuous wave (cw) COz laser was used in the
experiments (Edinburgh Instruments, model PL6). Wavelength tuneability of
the laser was possible with an intra-cavity mounted grating, allowing line
tuneable output in the 9.2-10.8 pm range. A pop-up mirror in the optical set-
up allowed the laser beam to be directed to a diagnostics table for power
measurements (Coherent power meter, model 201) and for determining the
lasing wavelength using a spectrum analyser (Optical Engineering Inc, model
16A). A polarisation based attenuator was used to allow power variability
(this could also be achieved through adjustment of the laser discharge
current). A Helium Neon laser was aligned co-linear with the CO, beam for

ease of alignment through the optical system. The laser beam was focused

134



using a 2 m radius of curvature concave mirror (gold coated from II-VI Inc)
and the profile of the laser beam was measured at various distances from the
mirror with a scanning slit to determine the complete propagation
characteristics inside the reactor. Careful choice of the slit width was made for
each measurement in order to ensure accurate results following the approach
of Chapple (1994).

The beam radius at each position was calculated by using a Gaussian fit to
the data. A non-linear least squares fit was used to extract the necessary laser
beam parameters, such as waist, waist position and laser beam quality.

It was necessary to study the absorption characteristics of the precursor
materials before performing the laser pyrolysis in order to ascertain whether
or not they would be able to absorb the 10.6-pm emission from the laser and
result in the necessary dissociation of the resonant bonds. Also this was done
to find out if this was going to be a photochemical process (chemical change
due to resonance with the light wavelength) or a photothermal one (chemical
change due to heating of the infrared radiation). Fourier transform infrared
spectroscopy was carried out on the following precursor materials:

1. Ammonium metatungstate [(NH41)sW70O21.6H20]

2. Dodeca-tungstophoric acid [H3PW12040.nH20]

3. Vanadium pentoxide powder [V20s]

4. Ammonium metavanadate [NH4VOs3]

The FTIR of the first three are represented in Fig. 4.3 (a). The spectra show all

the precursor materials have IR active local vibrational modes close to, but not
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Fig.4.3 (a) FTIR spectra of some of the precursor materials used in this study

showing the absorption bands that fall close to the CO: laser frequency

at, the laser emission line of 10.6 um. The assurance was that normally, when

the detuning is very small, multiphoton absorption process (as discussed in

136



section 2.12) would help bring the materials vibrational modes to resonance in
a very short time and hence a photochemical process could be induced. Also,
in the presence of sensitizer gases such CoH», these reactions were seen to be
feasible.

In Mwakikunga et al. [Ref. 42], the elaboration in greater detail on how the
flow rates of the precursors and the carrier gases affected the final
morphology of the samples was continued as re-shown in Fig. 4.4. The
particle deposition showed a void at the centre [Fig. 4.4 (b)] when the
encapsulating carrier gas flow rate was higher than the carrier gas driving the
precursor droplets.

When the flow rates were reversed, the deposition showed the profile
of a hump [Fig. 4.4 (a)] showing there was more deposition at the centre of the
substrate than in periphery. This was found to be in agreement with
Bernoulli’s theorem which requires that there should be reduced pressure in
fast flowing fluids.

When the central gases are larger, the pressure is lower in this region
and hence the droplets and the particles (after laser pyrolysis) are trapped in
this low pressure. Therefore there is high deposition at the centre of the
substrate and vice versa.

Here, these experimental parameter summarized in Table 4.4 and 4.5
are listed out. Particles from this process were collected on Corning glass

substrates, placed on a rotating stage, at room temperature and at
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atmospheric pressure. The so-obtained samples were further annealed in

argon atmosphere at 500°C for 17 hours.

Pyrolysis chamber

Power meter I I
4

Pop-up mirror

Reo

Power attenuator

BC

Power meter or
Spectral analyser

CO, laser

Fig. 4.3(b) A schematic of the laser beam delivery for the synthesis of tungsten
trioxide by laser pyrolysis, with the six arm pyrolysis chamber shown (two
arms are in and out of the page). The HeNe laser was used only for visible
alignment of the infrared laser beam. The final focussing element was a 2 m

curvature gold coated mirror.
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Fig. 4.4 (a) when the precursor flow-rate is larger than the encapsulating
carrier gas (Ar) and (b) when the precursor flow-rate is smaller than the flow-
rate of Ar. The precursor is driven either by CH> or O.. The particle
deposition in (a) has profile of a hump whereas the deposition in (b) has a

vacancy at the centre as indicated on the substrates.
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Table 4.4 Experimental variables for the production of vanadium oxides by LP

Sample  Precursor Channell Channel2 Channel3 Nanowire Structure
8cm3/min  8cm3/min  Variable or Nano-
belt yield
V205A  aq.V20:s ()] Ar Ar None Film
V205B  aq.V20s CHo Ar Ar High Belts+scrolls
VCL1 VClytethanol  O» Ar Ar None Film
VCL2 VClytethanol  CH» Ar Ar Low Long belts

Table 4.5 Experimental variables for the production of tungsten oxides by LP

Sample  Precursor Channell Channel2 Channel Nanowire Morphology
8cm3/min  8cm3/min 3 yield
Variable
W1 WClgtethanol  O» Ar Ar High Slabs +Rods
W2 WClg+ethanol  CH» Ar Ar Low Sphere+Rod
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4.5 Current model for estimating the temperature of the plume at the laser-

aerosol interaction region

The Bowden et al. model introduced in Chapter 2 suggests that laser
intensity affects aerosol temperature in a direct linear manner. This is only
valid for low laser power. One way to arrive at a more realistic model is to
extend the Bowden et al. model to higher excitation.

By looking closely at the experimental data by Tenegal et al. (2001)
[304], another approach was conceived. This approach consists of imagining
that the aerosol system is synonymous to a thermal capacitor whose thermal
capacitance at a temperature T., serves as an upper temperature limit to which
one can possibly heat the aerosol system. The laser energy &1, which is equal
to ¢it where (i is laser power, defines the flow rate of photons that “charge-
up” this aerosol system similar to the electrical current of electrons that
charge up the capacitor in classical electricity theory. Since the aerosol
temperature is Troom When the laser is OFF, one takes this point to be the
initial boundary condition. Similar to derivation of the capacitor charging
theory, it is possible to show that the aerosol temperature is affected by laser

power, Py in the following manner:

T=T_+T[1-exd-a¢) 4.2)

room
The coefficient ai in units of W-1 will vary from atomic system to another.

This model was fitted to experimental data as illustrated in Fig. 4.5 and one
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can estimate the values of T\ as 1693.047+4.913 K and at as 0.0078 +0.0001 W-1
when Troom is equal to 300 K for this aerosol system.

At a laser power of 50 W which was used throughout the current
experiments, this simple equation predicts a temperature of 846 K. The laser
used in the current study could stabilize at 30 W. Using Eq. 4.2, the
temperature of the aerosol inside the laser beam has been calculated to be 653
K. Both of the above temperatures are not detectable by the spectrometer that

was employed in the current pyrolysis of WOx and VOx compounds.

2200 — —
2000
1800
1600
1400
1200
1000
800 |
600 |

400 <= OUr data point for aerosol at room
200 + temperature when laser is OFF _

® Tenegal et al (2001) data
— Bowden et al (1977) model i

Current "charge-up" model ]

Temperature (K)

0 100 200 300 400 500 600
Laser power (W)

Fig 4.5 Laser power as it affects the temperature of the C/O atoms moving

transversally to the laser beam direction. The fitted curve is from the present

theory and the straight line graph is from the model by Bowden et al. (1977)
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As a consequence of this low temperature and the undetectability of it, all the
attempts to determine the experimentally are not complete. The calculated
temperatures above were taken as enough for the current study with more

sensitive temperature measurements ongoing but could not be reported in

this Thesis.

4.6 Characterization
4.6.1 Scanning electron microscopy

Morphology studies were carried out using two types of scanning
electron microscopes

(1) a Jeol JSM-5600 scanning electron microscopy (SEM) microscope

(2) a LEO 1525 field emission gun scanning electron microscope (FEG-
SEM) operated at 3-20 kV. Both of these were equipped with energy
dispersive x-ray spectroscopy (EDS) setup. In order to avoid charging effects
during SEM analysis, the samples were made conductive by carbon coating.
Infrared and Raman spectroscopy experiments on the as-obtained WO3 and

VO: materials are report elsewhere [Mwakikunga et al. 2007].

4.6.2 X-ray diffraction (XRD)
Structural studies were done wusing a Philips Xpert powder
diffractometer equipped with a Cu Ka wavelength of 0.154184 nm. The

experimental procedure showed good reproducibility of results.
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4.6.3 Raman spectroscopy

Raman spectroscopy was carried out using a Jobin-Yvon T64000
Raman spectrograph with a 514.5 nm line from an argon ion laser. The power
of the laser at the sample at the post-annealed samples was small enough
(0.384 mW) in order to minimise localised heating of the sample. The T64000
was operated in single spectrograph mode, with the 1800 lines/mm grating
and a 20x objective on the microscope. The Richter equation given in Refs.16
& 17 and herein reproduced as Equation 3.5 was fitted to experimental data
and the pertinent parameters were extracted. In the equation, d is the nano-
wire diameter, /o is the full-width-at-half-maximum (FWHM) for bulk
material Raman peak (/o = 6.5 cm! for WO3), afg) is the phonon dispersion
curve relation (PDR) for the material, A = 713 cm, a = 0.76 nm for the 713 cm-
I phonon branch whereas A = 808 cm® and b = 0.38 nm for the 808 cm!
phonon branch. For the purposes of the fitting session, the phonon dispersion
relation, w?(q) = A2+ABsin?(aq)+B2sin(aq), was derived from the simple
relation of the form w(q) = A + Ba?q?. The latter assumes isotropic dispersion
curves; however the former provided a much smoother fit than the latter for
the present WO3; Raman spectroscopy data. B was determined after non-
linear fitting of Eq. 3.5 to experimental Raman spectral data. This was carried

out using Mathematica™.
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4.6.4 Atomic force microscopy

AFM imaging was carried out on VOz nanoribbons by suspending a
few ribbons in ethanol and placing a drop of the ultrasonicated ribbons onto a
clean Si surface. Imaging was done in tapping mode on VEECO atomic force

microscope and varying scan rates and magnifications.

4.6.5 Electronic properties measurement: Co-Linear Four-Point Probes on
VO2 Nano-Ribbons

A co-linear four-point probe system from Cascade Microtech, Inc.,
Oregon, U.S.A. was used to perform conductance measurements on the VO»
nano-ribbons by following procedures from the University of Texas at Dallas.
The equidistant tungsten carbide probes have a separation distance, a, of
0.127 cm and a probe radius of 0.005 cm. The Keithley 4200 Semiconductor
Characterisation System (SCS), equipped with four supply-and-measure units
(SMUs) and a pre-amplifier, was used to perform high precision direct-
current characterisation capable of probing sensitive voltages and injecting
currents ranging from 1 fA - 1 mA with a resolution of 0.1 fA. In this work, a
constant 1 f#/A current was injected through probe 1 through the sample of
nano-ribbons to the ground at probe 4. The potential difference was measured
across probes 2 and 3. For each scan, 100 measurements were taken for 5
minutes.

The sample was heated with a temperature controlled heater. Voltage-
time scans were done at temperatures of 22°C-80°C during the heating-up

cycle and another set from 75°C-24°C during the cooling-down cycle.
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Chapter 5

Results and Discussion

In this chapter, important results that address the present objectives are
presented. In cases where the results are published, the reader can confirm in
the attached journal articles and manuscripts in press in the Appendices.
Unpublished results and those that are being considered for publication will

be presented in considerable detail.

5.1 Results from USP
5.1.1 First-fruits of VO nanoparticles by USP

The production of VO nano-particle for the first time by USP was
reported [39] attached in the Appendices Al but also summarized herein and
illustrated in Fig. 5.1. When the precursor NH4VO3; (AMV) in water was
deposited on quartz at 400°C, XRD [Fig. 5.1 (a)] showed the presence of the
same precursor AMV. This showed that most of the precursor is not
decomposed at this temperature. However when deposited on Corning glass
at 700°C in hydrogen environment XRD of the decomposed thin film showed
a mixture of V205 and VOo. Later in this chapter, it will be shown that these
were in fact bilayers of VO (B) and V205 nanoribbons. It was only when the
deposition was done on window glass at 700°C in argon atmosphere that VO2
(monoclinic) was obtained [Fig. 5.1 (c)]. Transmittance of such a glass at

different temperatures showed interesting switching from a transparent
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material at room temperature to a less transparent one at 900C as shown in
Fig 5.1 (d). This was found to a reversible process as transmittance was
measure during the cooling down cycle as well (not shown here). However,
plotting transmittance at chosen wavelengths of 2800 nm, 2500 nm, 2000 nm
and 1500 nm as shown in Fig 5.1 (e) showed hysteresis type of reversible

change as is the case for stoichiometric VOx.
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Fig. 5.1 First report on the production of VO2 by USP (a) Undecomposed
AMV precursor (b) Decomposed AMYV into a mixture of V205 and VO: (B) (c)
monoclinic VO, (d) transmittance at various temperature and (e) hysteresis

plots characteristic of VOo.
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At that time, the scanning electron microscopy of the samples was carried
out by a Jeol JSM-5600 microscope whose micrograph quality was only
modest as can be seen in the attached Ref. 39. The spherical particles obtained
were found to have an average diameter of 800 nm as seen by this kind of
microscope. The imaging was since repeated in a better microscope - a LEO
1525 field emission scanning electron microscope (FESEM) - operated at 3 - 22
kV. The new images for two samples produced in a flow rate of 11 L/min at a
furnace temperature of 600 and 700°C are presented in Fig. 5.2 and 5.3. In
both micrographs, the EDS spectra indicate that, apart from the V and O
peaks from VO, strong peaks from Si alongside Na, K and Al are present
which are due to the Corning glass substrate. The size distribution charts of

the VO2 at 600°C and 700°C are given in Fig. 5.3.

5.1.2 VO2 nano-ribbons by USP without post-synthesis annealing
Nano-ribbons of VO; illustrated in Fig. 5.4 are seen at the following
synthesis parameters:
(1) at higher flow rate of 18 cm3/min of argon of the NH4VO; precursor
(2) the substrate of borosilicate glass
(3) positioned at a region in the furnace where the substrate
temperature was [B0O0°C and
(4) the furnace temperature of 700°C in the central zone which is

regarded to be the pyrolysis temperature.
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No post-synthesis annealing was done on this sample. This suggests
that these one-dimensional ribbons grow by a different mechanism from the
nano-wires of WO; to be discussed in the forthcoming sections of this chapter.
Scanning electron microscopy was done on the LEO microscope and samples
were prepared by scrapping a small portion of the powder on to a carbon tape
tailored for the SEM [Fig. 5.5(a)]. Note the EDS spectra shows only V and O

peaks with some C peak from the carbon tape (Fig. 5.5).
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Fig. 5.2 Scanning micrographs of VO: nano-particles synthesized on Corning
glass in 11 L/min of argon with a deposition time of 25 min at (a) 600°C (inset

is EDS) (b) 700°C (EDS in inset)
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Fig. 54 SEM micrographs of VO nano-ribbons a low resolution image
showing the overall density of the nanostructures with an inset the same on a

different spot of the sample
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Fig. 5.5 SEM micrographs of VO nano-ribbons (a) a higher resolution with (b)
an EDS spectrum showing the V and O peaks. Note how the image reveals

how gossamer (transparent) to electron the ribbons are.
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Cross-sectional SEM was carried out by tilting the sample so that the electron
beam “sees” the sample from the edge. This was done to determine the
thickness of the VO layer. The result revealed that the layer is highly
inhomogeneous with an undulating profile as one expected from a nano-
structured layer such as this one. The cross-section SEM micrographs are

given in Fig. 5.6.

SEM stage

VO, layer

S

\,'g\_: e

100 um substrate

Fig. 5.6 Cross-sectional SEM image of the VO sample prepared by USP Inset
(a) is a close-up of the interface between the borosilicate substrate and the VO-
layer exposing the in-homogeneity of this layer (b) the arrangement of the

cross-sectional SEM experiment

5.1.3 Atomic force microscopy of the VO2 nano-ribbons

The procedures for preparing the sample for atomic force microscopy

including the AFM setting were described in the previous chapter. The image
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shown in Fig. 5.7 shows an isolated ribbon with round corners. When a line
profile was performed, the side profile of the ribbon was captured enabling
one to measure the third dimension of the ribbon which was not easily
measurable with SEM or TEM. The profile clearly shows that the ribbon in the
image has a thickness of 10 nm. The other dimensions of width and length are
400 nm and 1000 nm respectively. Other ribbons (not shown here) were as
thin as 5 nm. This explains why the ribbons were transparent to electrons as

show in the close-up SEM images above.

29.8nm
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i
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Fig. 5.7 (left) AFM images of a single VO2 nano-ribbon. The profile (right)

shows that the VO; ribbon is typically 10 nm thick

5.1.4 Structure of the VO; ribbons and the particles from USP

It has been stated in Chapter 3 that there are four polymorphs of VO2:
VO2 (M), VO2 (R), VO2 (A) and VOz (B). It has been reported that VO2 (M)
appears at high temperatures of synthesis. This is the phase that undergoes

thermochromic transition to VO2 (R) when heated to above 340K. VO2 (B),

155



which nucleates at lower temperatures than 420°C, is reported by Sahana et al.
[436] not undergo any thermochromic transition. Sahana noted that the VO2
(B) structure is formed by the packing of edge-sharing octahedral that are
only linked at corners in the (001) planes. In contrast to the VO2 (R), they also
noted that the fourfold axes of the oxygen octahedral are almost aligned along
a single crystallographic direction [010]. The (001) planes were made up of a
network of corner-sharing octahedral forming close packed planes. Sahana et
al. from Leroux et al. [437] further speculated that these structural features of
the VO2 (B) may be expected to lead to a tendency for its crystallites to grow
as platelets.

With better SEM images showing nanoribbons for a sample
synthesized at 700°C in hydrogen atmosphere, XRD and TEM experiments
were carried on this sample. These XRD results show that the VO is a
mixture of two phases - VO2 (monoclinic) and VOz(B). Even those samples
that were processed at higher than 420°C show presence of VO2 (B) phase
since the substrate used to collect the VO; crystallites was placed at the end of
the quartz tube where the temperature was much lower than 420°C (see Fig.
5.70). When the substrate is placed at a zone where the temperature is 700°C,
VO2 (M) nanoparticles were found (Fig. 5.70 (b)). Based on the argument by
Sahana et al. and Leroux et al. above, one can conclude that a substrate
temperature of lower that 420°C and a pyrolysis temperature of more than

700°C are the most favourable conditions for obtaining VO (B) belts and
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ribbons without further annealing. If further annealing has to be carried out, it

has to be done at higher than this temperature.
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Fig. 5.8 X-ray diffraction of the VO2 nano-ribbons from USP showing the
diminishing presence of VO2 (A) and V20s as the furnace temperature is
raised from 400°C in argon (b) to 700 °C in argon (a) and at 700°C in

hydrogen (c). A broad hump from 26 = 20 - 40° is from the SiO; substrate
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Fig. 5.9 Transmission electron microscopy, SAED pattern and local EDS on a

single VOx nano-ribbon revealed bi-layered structure: V>Os and VO,. Lattice
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parameters for the two regions are as indicated. Inset (a) and (b) are SAED
patterns for V205 and VO: regions respectively and inset (c) and (d) are local
EDS spectra of outer V205 and core VO: layers respectively. (Detector used
was Gartan 1000 camera, accelerating voltage =200 kV and for EDX, the spot
size was 1um and the take off angle of 15°)

TEM results on a single ribbon from a sample synthesized at 700°C in
argon are summarized in Fig. 5.9. Higher magnification in Fig. 5.9 showed
that the ribbons has two layers: an outer (shell) layer of oxygen-rich VOx with
the stoichiometry close to that of V>Os and an inner (core) layer of oxygen-
deficient VOx with stoichiometry close to that of VOo.

The d-spacings for the monoclinic structure are given by the following

well known equation

1_ 1 (h_z+k SI:] ,8+I_Z_2hl cosﬁj 5.1)
a b o ac

d? sin’g
where d is the value of the interplanar spacing, a, b, c and [ are the lattice
parameters of the VO: unit cell and h, k, | are the Miller indices of the
reciprocal lattice giving the co-ordinates of the lattice planes under
investigation. Inserting in the above Eq. 5.1 the values of lattice parameter 4, b,
¢, B (respectively as 12.03A, 3.70A, 6.433A and 106°) for the VO, (B) as given in

Table 3.2 in Chapter 3 and searching for the Miller indices , k, | that would

yield the closest experimental d-spacings gave the following spreadsheet.
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Table 5.1 Calculated Miller indices for the system VO; (B)

¢ kK f o squared | o

{Arngsitroms)
! ! 1 21.880595 4 677708
a 1 a 13.7048 3702
a 1 1 8426803 2 902896
1 0 0 76.51918 B.747524
1 0 1 39 BEGE5 £.297345
1 1 a 11.62308 3.409263
1 1 1 10.185 3191324

The highlighted row shows that the calculated Miller indices for the plane
(hkl) = (101) have a d-spacing of 6.297A. The calculated inter-planar spacing is
very close to the observed spacing of 6.2517A as presented by the TEM image
of the VO2(B) ribbon above. The reflection from plane (401) of the VO (B) is
not observed here; only that of plane (101) is seen. This is in conflict with the
XRD results above which report the plane (401) instead of the (101) seen by
TEM. The conflict should be due to the fact that the ribbons have 5-nm-thick
V205 layer on top of the VO; ribbon. This limits accurate determination of the
structure of one of the layers at this local measurement by TEM. The same
procedure of analysis was applied to the V2Os TEM results which gave the

growth directions much more easily as indicated in Fig. 5.9 [inset (a)].
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5.1.5. Raman spectroscopy results from VOx ribbons

The reader will recall that Raman spectroscopy of slabs and thin films was
introduced in Chapter 3. Phonon confinement in thin films was derived by
Faucet and Campbell as re-produced in Eq. 57. Due to the complex nature of
the Eq. 57, a simpler phonon confinement model in slab-like structures can be
derived as shown below. Kim ef al. % have claimed that the Fourier coefficient

must generally be given by

, 2d 2
c(o,q)dq=f (Q)exr{qudq (5.2)

Where f(q) = 1 for slabs and f(q) = 41g? for an isolated sphere. No physical
explanation was given by Kim et al. for setting the above constraints
especially the one for slabs.

However, if one follows the simpler approach used by the Piscanec et
al. and Adu et al. of simply changing the dimensionality of the d3q
momentum volume, one can have an alternative model that would best fit the
nano-ribbon data. Consider the following schematic in Fig 5.10 of a ribbon

interacting with a laser beam in a typical Raman spectroscopy set up.
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Fig 5.10 llustration of phonon geometry in a slab as a result of laser excitation

In performing Raman spectroscopy on ribbons whose typical length (Ix),
width (wy) and thickness () are about Tpm % 400 nm x 10 nm as shown by
AFM, one expects that confinement of optical and acoustic phonons ought to
be only in one dimension, that is, the z direction which denotes the thickness

of the ribbon as illustrated in Fig. 5.10

Surface phonons in thin films and quantum wells®” and super-lattices®® and
have been studied. However, these structures have been composed of
spherical particles and hence the elaboration of the confinement of optical

phonons has been synonymous to that in the Richter-Faucet-Campbell
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description. It is possible to re-write Richter-Faucet-Campbell equation which
is in polar co-ordinates to an equation that is in Cartesian ones in keeping

with the geometry of nano-ribbons illustrated in Fig. 14 as follows

ex,{_ Qe+ +1: )i + o + o )j
@=al"["" —————dqdad 63)
U w-A-Ba g ra) 4o

Expanding and grouping the like terms, one obtains an equation that is
suitable for Raman scattering in thin layers such as ribbons, sheets and belts

as follows:

ex,{_ 2r: 4w, +|;)(q;)J
d

(@=Af nyéxp(- B.q; ~ B,;)da,da, [ - ud g, (54)

o A-5la, a)

The double integration describes the non-confined vibrational modes in the
ribbon’s (x-y) surface. Note that, as expected, the profiles of the (x-y) phonon
spectra are perfect Gaussians. However, the numerical integration with
respect to z is the only component that describes the asymmetrical
broadening in the Raman spectrum. The double integration can be a constant

and hence the whole equation can be written as

exr{— Ari 4w+ I:)(q:)J
(@)=A] g 55)
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These have been fitted to the present Raman spectroscopy data from 10
nm thick ribbons as shown in Fig. 5.11. From this fitting, the phonon

dispersion relation for VO for the first time as

«fq)=14670- 254 (5.6)

This in agreement with Vikhnin et al. (1995) [453a] who found that 145
cm! was the phonon frequency mode in VO: that is active during the
semiconductor-to-metal transition although the most intense phonon
frequency is 600 cm1.

Beyond 5 nm, phonon confinement models have been known to fail to
tit the observed data. This is clearly shown in the 5 nm thick ribbon data in
Fig. 5.11 where instead of stronger phonon confinement, a 145 cm! phonon
splitting was observed. This is attributed to surface phonons which become
predominant when then ratio of surface atoms to bulk atoms increases. Eq. 3.9
could not be used because this equation governs the surface phonons modes
which come as a result of LO-TO splitting. In the present data there is a
single-phonon splitting - TO splitting and/or LO splitting. This begs for
another phonon splitting protocol. Similar to the current observations have
been Lerman et al. (1997) [453b] and Volodin et al. (2000) [453c] from their
quantum structures by molecular beam epitaxy. Lermann developed a theory
of LO wire-width dependent splitting in ZnSe and compared their theory
based on strain relaxation to their experiment observations. They found the

splitting to have an inverse correlation with the wire-width although the
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theoretically calculated data showed departure from experiment when the
wire width became smaller than about 50 nm (see inset (a) of Fig. 5.11).
Volodin et al. compared the TO splitting in two orthogonal direction of the
GaAs (311) wires (TOx and TOy) and found that the degree of splitting
increased with decreasing number of monolayers. A GaAs-free layer labelled
(311)B showed no phonon splitting. These results confirm the present study’s
hypothesis laid out in Chapter 3 that as nanostructures become thinner more
atoms become surface atoms and surface and interface phonons manifest and
hence the increase in the splitting of individual TO and LO phonons as seen
in Fig. 5.10. The same resulted were observed for WO nano-discs (Fig. 5.10
(b)) whose thickness has not yet been determined but whose evident splitting

shown in Fig. 5.10 (c) confirms the nano-structuredness of the disc thickness.
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Fig. 511 (a) Raman spectroscopy of VO. nanoribbons of different thickness;
the new phonon confinement equation 61 has been fitted to the 10 nm thick
ribbon data. The 5 nm ribbon data has been described by phonon splitting of
equation 64. Compare the TO-splitting in VO2 nanoribbons with the LO-

splitting (c) in WO3 nano-platelets (b) with details in the text.
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Fig. 512 The VO2 1O phonon (145 cm™) splitting as a function ot VO2 ribbon
thickness suggesting that the splitting increases as ribbon thickness decreases.
The inverse nature of the present results agrees with the theory and
experiment on LO phonons in ZnSe quantum wires from Lerman et al. (see
text) and the TO splitting in GaAs quantum wires as discussed by Volodin et

al. (see text for details)
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5.2 WOs3 nano-sphere produced by USP at varying furnace temperatures
The production of nano-spheres of WOs at furnace temperatures 100,

200, 300, 400, 500, and 700°C were reported in Mwakikunga et al. [42]

attached in the Appendices A2 and also summarized herein [Fig. 5.13].

Fig. 513 WOs; nanospheres obtained by ultrasonic spray pyrolysis

(Mwakikunga et al [42]) at various temperatures
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Briefly, it was observed that the nano-sphere diameter decreased as the
furnace temperature was increased in contrast to the so-called Ostwald’s
ripening. The Tiller equation (Eq. 2.46) was used to explain this shrinking in
size. Also nano-crystals of various shapes were observed and the size
distribution of the nano-crystals in a sample synthesized at 700°C was
characterized. The mean crystal size was 72 nm with a standard deviation of
about 24 nm. Rod-like structures were seen in the midst of the as-deposited
particles indicative of the onset of one-dimensional growth even before

thermal annealing. No such structures were seen at higher temperature than

650°C.
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Fig. 5.14 The decrease in diameter of WO3 nanospheres as USP furnace

temperature is raised (Mwakikunga et al [42])
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5.2.1 WOs spheres into WisOg9 nano-tips and nano-belts after thermal
annealing

In order to enhance this growth, portions of these samples were further
annealed at 500°C for 17 hours as explained in the experimental chapter.
Although 1D-structures are seen in all samples annealed under similar
conditions, the highest yield of nano-wires and tips was seen in a sample

synthesized at 500°C.
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Fig. 515 W80 nanowires and nanotips after annealing the WOs;

nanospheres produced by USP
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At lower and higher temperatures than 500°C the 1D structure are rod-
like and the yields are relatively poor. The wires in the sample W5-500 are
extremely long with one of the highest aspect ratios. The most probable
diameter of the nano-wires was (101.1 + 6.1) nm with a standard deviation of
(69.6 £ 14.1) nm. This means that some wires can be as small as 31 nm.
Another amplified image, is shown, of a remarkably long nano-belt in a
sample synthesized at 700°C and annealed at 500°C for 17 hrs (sample W7-
500) whose thickness is about 45.95 nm and whose length is 8.67 pm. This can
be seen to be growing from either grain boundaries or from spheres
themselves.

Transmission microscopy revealed the structure and composition of
the WO« nano-wires. The nano-wires are in fact tapered suggesting a needle-

like profile.

1 pm fur)

brokentip *

Fig. 5.16. Low resolution TEM of W1sO49 nanotips (Mwakikunga et al [42])
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However, the SAED pattern (not shown here) from the core showed a one-
dimensional crystalline arrangement of the atoms in the WOx core as
displayed by a spotty pattern. Analysis of spots that were seen to be of similar
density, yielded the dun spacing from which the lattice parameters were
calculated from possible planes in as many phases of tungsten oxides as could
be found in literature. Only the plane (100) belonging to the monoclinic phase
of W1s049 was found matching the diffraction pattern. Therefore the growth
direction of the W1sOu nano-tips is [100] and lattice parameters (2 =18.28 A, b
=3.775 A, c=13.98 A; JCPDS 5-392) were found to match those in literature.

Since the present nanowires were produced in a novel manner,
traditional growth models vis-a-vis
(1)  Screw dislocation theory
(2)  Vapor - Liquid - Solid (VLS)

(3)  Solution - Liquid - Solid (SLS)

4) Super Critical Fluid Synthesis (SCFS)
()  Vapor - Solid (VS)

could not explain the manner of growth.

Although pure tungsten has the highest melting point among known
metals (m.pt 3422°C, b.pt 5555°C), Gillet [438] showed that the WO; particles
could be sublimated at a relatively low temperature of 550°C. Also loss of
oxygen from tungsten oxide at high temperature and low pressure is well

known [439]. Since the annealing temperature of 500°C is close to the Gillet’s
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sublimation temperature of WO, it was observed that a new kind of growth
mechanism dictates the growth of WOx nanowires at 500°C. A new growth
mechanism which was called Solid - Vapor - Solid (SVS) was introduced.
One of the unique characteristics of these nano-structures that deserved a new
growth model to explain their growth was the fact that thinner wires were
longest whereas thicker ones were shortest. This is in contrast to the above
listed growth models. More compelling evidence followed when we
processed WOx nanowires from laser pyrolysis grown spheres and slabs.

Further discussion is done in the next section.

5.3 Results from Laser Pyrolysis

5.3.1 WOx nanowires from laser pyrolysis

Detailed results from the laser pyrolysis of tungsten-based precursors, for the
synthesis of WO3 are presented in Mwakikunga et al. [Ref. 40, 41, 43] also
attached in the Appendices A3, A3 and AS. In this article [Ref. 40], it was
shown that nanowires appear only after annealing (Fig. 5.17). It was also
noted [Ref. 42] that the WO3 nanowires showed the ability to confine optical
phonons the property of which was observed from Raman spectroscopy as
shown by the asymmetry of the 800 cm? and 700 cm? phonon peaks

illustrated in Fig. 5.18.
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Fig 5.17 FEGSEM micrographs of WOs; nano-rods grown under Oz as a
central carrier gas and CoH> as the secondary carrier gas showing a thin film
that has flaked up into orderly slabs between which are numerous nano-
wires. Inset (a) shows a close look at the nano-wires in between the slabs.
Inset (b) zooms in onto the nano-wire area and inset (c) display one nano-

wire’s end.
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Fig 5.18. Optical phonon confinement observed by the asymmetrical
broadening of the WOs’s 700 cm! and 800 cm! phonon peaks (Mwakikunga

et al [42]). Eq. 3.6 fitted and shown in red

Also it was reported in Ref. 43 that the yield of nanowires depended on
the flow rate of the precursor droplets. The CoHz-synthesized sample had a
lower yield of WO3 nano-wires after annealing (shown in Fig. 5.17) than the
Oz-synthesize one as seen in Fig. 5.19. These nanowires in Oz-ran sample
grow in the crevices of the film. The CoHz-ran sample has nano-wires with a
higher aspect ratio than the Oz-ran samples. Also the CoHz-ran sample show
presence of spherical micro-particle where a complete absence of these
spheres is observed in the O2-ran sample. This meant that CoH> maintains the
spherical shape of the precursor droplets which was clear evidence that CoH»
was only a sensitizer of the process but does not participate in the
decomposition of the precursor. Also, in the presence of tungsten, CoH>

dissociates and formed carbon structures such as carbon nano-tubes. On the
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other hand, O actively participated in the breakdown of the precursor
droplets and in the process increased the yield of the WO3; nano-wires at the
expense of aspect ratio of the wires in general. The Oz-ran sample also had
very brittle thin films with cracks in a somewhat ordered manner. This
ordered cracking after annealing could be attributed to the growth pressure

(thermal stress) from the 1D nano-structures.
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Fig 5.19 Scanning electron micrographs of WO3 nano-rods grown under CoHo

as a central carrier gas and oxygen as the secondary carrier gas; the spherical
droplets from the precursor maintain their shape until their deposition into
micro-particles. Inset (a) is a micro-particle before annealing showing the
genesis of the growth of a nano-wire. After annealing there are numerous
nano-wires growing from and in between the spheres. Dotted box (b) shows a

region where a number of nano-wires are seen sprouting from spheres.
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Fig. 5.20 TEM micrograph of a single WO3 nanowire in (b) reveals that the
nanowire ia a core with a shell of carbon, Au and Pd from prio-to-SEM
coating as confirmed by EDS in (a) and (c). In (d) is the micrograph of carbon

nanotube found segregated by the WO3; nanowires.

The TEM micrograph of a typical wire grown from Oz-run WO;

particles revealed a core-shell structure with the WO wire at the core and the

carbon-Au-Pd composite around the wire as a shell.
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C-Au-Pd is a material used in the prior-to-SEM coating to improve
conduction for enhanced imaging. This shell served as a contaminant which
obscured the electron diffraction of the wire so that the stoichiometry studies
of the WO« nanowire could not be accomplished. In line with the previous
studies, one could speculate that the wire is WOx with x being less than 3 due
to oxygen loss during annealing.

In the C2Hz-processed sample it was noted in Mwakikunga et al. [Refs.
40 and 43] that the micro-sized WO; particles from which the nanowires
sprouted were agglomerates of small nano-sized spheres. Recently, a
compelling evidence of the speculation in a sample synthesized under Oz
environment was discovered. This is illustrated in Fig. 5.21 (a). In Fig. 5.21(b),
the ball of nanospheres is seen propped up by more than three nanowires.
Either the nanowires grow from the ball of spheres or from the WOs3 layer on
the substrater or both. In Fig. 5.21 (c), the size distribution of the nano-spheres
is presented. The most probable diameter of the nano-spheres is 185 nm.
Phonon confinement by Raman spectroscopy was observed in these wires and
Eq. 58 was used to calculate parameters for the phonon dispersion relations
(PDR) for WOs. By this technique, it was possible, as reported in Mwakikunga
et al. [Ref. 41], to obtain, for the first time, the phonon dispersion relations for
the two phonon types (where a = 0.76 nm and b = 0.38 nm are lattice

parameters) for monoclinic WOs3 given as:
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ot (a) = 71% +101sin*(a.q) + 0.0196sin” (ag)
o’ (q) = 808 + 8.1sin?(b.q) + 0.0003sin* (ba) (73)

Goan = 185.95£3.21 nm
oo = 52.8247.55 nm
R2=0.91

14l

100 150 200 250 300
diameter (nm)

Fig. 5.21 (a) The micro-spheres of WO; are but agglomerates of yet smaller
nano-spheres. The nanospheres” size distribution in (c) showing the most
probable diameter of 185 nm and nanowires seen propping up a ball of

nanospheres in (b)
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Fig. 5.22 (a) Insitu TEM heating of the WO3 nanospheres with the sphere
images taken at different times as indicated (b) sphere diameter as a function

of time due to insitu heating.

Some WOs3 nanospheres were placed on a copper grid housed in a

specialized heater for TEM for insitu annealing studies while TEM images of
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the sphere were taken periodically as shown in Fig. 5.22 (a). This was done in
order to find out if growth of nanowires from spheres could be observed in
real time. No nanowires were observed. This is simply due to the fact that the
environment in TEM is totally different from the environment where the
nanowires were obtained- high vacuum in TEM but atmospheric pressure in
the annealing environment. However, the most important result in this study
was the observation of real time shrinkage of spheres as a function of time in

the period that insitu heating occurred [Fig 5.22 (b)].

5.3.2 Brief Review of Nanowire Growth Models

In order to understand how these nanowires grow, some of the growth
mechanisms proposed by various scientists through the ages have been
reviewed briefly. Sir Frederick Frank proposed the ‘screw dislocation theory’
in 1949. Central to this dislocation theory were Polanyi, Orowan, Taylor,
Burger and Mott & Nabarro [440]. Defects and dislocation in the initial
crystals initiate one-dimensional growth; “...the crystal face always has
exposed molecular terraces on which growth can continue, and the need for
fresh 2D nucleation never arises...” [440]. In 1964, detailed studies on the
morphology and growth of silicon whiskers by Wagner & Ellis [441] led to a
new concept of crystal growth from vapour which was called vapour-liquid-
solid (VLS) mechanism. The new growth mechanism was built around three

important facts: (a) silicon whiskers did not contain an axial screw dislocation
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(b) an impurity was essential for whisker growth and (c) a small globule was
always present at the tip of the whisker during growth.

From fact (a), it was clear that growth from vapour did not occur according
to Frank’s screw dislocation theory and from, facts (b) and (c), it was
important that a new growth mechanism be studied.

In 1975, Givarzigozov [442] introduced the fundamental aspects of the
VLS mechanism. Emphasis was placed on the dependence of the growth rate
on the whisker diameter. It was found that the growth rate decreased
abruptly for submicron diameters and vanished at some critical diameter d. <
0.1 #m in accordance with the Gibbs-Thomson effect. Basing on this effect,
which states that the solubility limit of a precipitate (f) in a matrix (@) varies
with the precipitate’s radius, Givarzigozov suggested that the effective
difference between the chemical potential of the precipitate in the vapour

phase and in the terminal precipitate [whisker], 44 is given by
4N
D= By == (57)

At is the same difference at a plane boundary (when diameter, D, of the
precipitate tends to «), A is the atomic volume of the precipitate and ois the
surface free energy of the precipitate. The dependence of growth rate, G, on
the super-saturation (A/ksT) given by V = b(Aw/ksT)?, where b and n are
coefficients to be evaluated from experimental data, was used to derive an

expression
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Ay, pYn — aNo pi/n 1 (5.8)
kT ke T D

Vl/n -

The main characteristics of VLS mechanism is (1) the presence of a
catalyst and (2) direct proportionality of the diameter of the nanostructure
and the growth rate. and hence the larger is the terminal length of the
whisker. Thick whiskers grow longer than thinner ones because this growth
can be afforded by the continual supply of building blocks in the CVD
system. It is shown below that in the absence of constant supply it is only the
thin wires that grow long whereas the thick ones grow short. By plotting
growth rate, V, [442] or terminal length [., [443] of the whisker versus D gives
curves with a positive ascent. A plot of V¥ versus 1/D gives a straight line
graph with a negative slope [442].

Recently, an in situ growth profile in real time for tungsten oxide nano-
wires was followed by Kasuya et al. (2008) [444] by injecting ultra-small flow
rates of Oz on a heated tungsten surface placed on a scanning electron
microscope stage. It was difficult to ascertain if the length-and-diameter data
would be in agreement with the VLS mechanism because the images were
rather poor. This was due to the poor vacuum caused by the intentional
injection of O2 which was useful for the targeted reaction. The length of the

nano-wire as a function time [(f) was found to take the form of

1(t) =1,[1- exd- at)] (5.9)
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where [y is the final length and ais the growth or decay coefficient.

5.33 Need for a New Model of Growth Mechanism

What is studied here is the final state of the fully-grown WOs;
nanostructures. The present data for length and corresponding diameter for
each nano-wire show contrary trends to the traditional (VLS) model. Since
the production of solid-state nano-wires is after annealing of the solid-state
particles, the mechanism of growth can neither be according to liquid-based
“Solution-Liquid-Solid” mechanism proposed by Trenter and Buhro [445,446]
nor in line with the “Super-Critical Fluid Synthesis” mechanism proposed by
J D Holmes [447] and which has been later supported by Korgel and co-
workers [448]. These data certainly support the proposed “Solid Vapour Solid
(SVS)” mechanism reported in Mwakikunga et al. [42] where the solid-state
Wi1s049 nano-tips produced by annealing solid-state WOs nano-spheres
(prepared by ultrasonic spray pyrolysis) in argon environment was reported.
Synthesis of solid materials from solid precursors is not new. Solid-state
reactions are very slow and difficult to carry out to completion unless carried
out at very high temperatures where reacting atoms can diffuse through solid
material to the reaction front more easily. Transformation of one phase to
another (with the same chemical composition) can also occur in solid state,

either at elevated temperatures or elevated pressures (or both). For the
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growth rate of many solid-state reactions (including tarnishing), inter-
diffusion of ions through the product layer increases the thickness Ax
parabolically with time (Ax)?0 t [449]. This is a sharply different dependence
from the Eq. 1 proposed by Kasuya et al. [444] above. In some solid-state
processes, nucleation can be homogeneous. This is often the case for thermal

decomposition, for example, as is the case in the current reactions

\/\/03(:3:;%/) O T8 O DA . WO, (nanowires) + O, (5.10)

In this Letter, Mwakikunga et al. introduced for the first time the statistical-
mechanical aspects of this proposed SVS model as illustrated in Fig. 2.23. of

the nanowires from a spherical layer of atoms
5.34 The Solid-Vapour-Solid Nanowire Growth Theory

For the sake of simplicity, consider the source of molecules to be a solid
sphere of radius Ry, containing molecules of mass, M, and assume the
molecules to be spherical of average molecular diameter, 2. Assume further
that in changing the morphology from a sphere to a wire, only the surface
molecules can migrate from the sphere to the newly-forming wire or rod. For
instance it has been demonstrated [450] that the surface diffusive flux, Js of
atoms on a surface of a slab of length L given by Js = -(dc/dx)l*D(y)dy is

different from the more familiar bulk diffusive flux written from the first
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Fick’s law as Jp = -Ds(dc/dx)L where dc/dx is the concentration gradient. In
this case, transformation from sphere to rod takes place layer after layer. The
sphere shrinks but the as-forming rod lengthens.

If the sphere is amorphous and the wire is crystalline as normally
observed experimentally, then the densities of the material in the initial
sphere and the final wire are different and can be written respectively as Oun
and Pcryst. The number of atoms in the first layer of the sphere can therefore be

written as
N, = 4rROZQ’0'\T“m (5.11)

If all these atoms assemble into a rod of diameter D and length I then the

number of molecules in the rod can be written in terms of length /1 as

Vid P
Nerd s D2|1 cryst

; v (5.12)

However, not all the atoms in Eq 5 end up making the rod. The actual fraction
that self-assembles into the rod is proportional to the Boltzmann’s fraction

which depends on the temperature T of the ambient given as

rod
N, —=exp - B, (5.13)
N2 ko T

Ea is the activation energy of the atoms.

After the first layer has assembled into the rod of length [;, the next
layer in the sphere has a radius of Ro-2 which forms the next segment of the

rod of length [>. The subsequent layers have radii of Ro-202, Ro-3€2, Ro-42, Ro-
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50 and so forth. The ith layer will have a radius of Ro-(i-1)£2 such that the

number of atoms in it layer is
N, = 47&2'0Mﬂ[R0 (-9 (5.14)

This corresponds to the number of atoms in the ith segment of the rod as

— pamg2 _E i — ZL
Ii—16—exp{ kBTj[R0 (i -1)q] X (5.15)

cryst
The total length of the wire is a summation of all the segments of the wire

emanating from each corresponding layer in the source sphere.

N
I:I1+I2+I3+I5+...+IN:ZIi:Zé (5.16)
where
¢ =16Pm" ex;{— kEA JEN: [R, - (i —1)0f (5.17)
cryst BT i

Parameter {is a function of temperature T and also depends on the geometry
of the source of the atoms. The higher the annealing temperature, T, the
higher the slope, {. This fact may mean that thinner nanowires can be
obtained at higher annealing temperatures. But there must be a lower limit to
how thinner nanowires can get in the SVS mechanism since at much higher
temperatures all solid state starting material should evaporate away leaving
nothing to form the nano-wires with. These limits are yet to be determined.
The same question has been asked if there is a thermo-dynamical lower limit
to the nano-wires growth by VLS [451]. It can be seen that if the source is
equally crystalline then the ratio of the densities in the source to the final

structure is unity. By quick inspection, one can see that the geometry
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described by the summation in Eq. 84 is proportional to the total surface area
of all atomic or molecular layers in the source. A plot of I versus 1/D? should
be a positive straight line graph with a y-intercept of zero and a slope of (.
Similarly a plot of aspect ratios I/D versus 1/D3 is supposed to be a positive
straight line going through the origin and having the slope, ¢.

In the VLS mechanism, given a constant flux of molecules in the
source, a nano-wire that has a large diameter will grow much longer as
compared to when it starts out with a small diameter. In the SVS growth, the
thinner the wire the longer it is and vice versa [as shown in the plots of Fig.
5.24 (a)]. When aspect ratios, defined here as the ratio of length to diameter, is
plotted against diameter, the same profile is obtained [Fig. 5.24 (b)]. When
length and aspect ratio are plotted against 1/D? and 1/D3 respectively, in
accordance with Eq. 83, positive slopes are manifest (Fig. 5.24) almost equal to
each other as expected from the above theory and of the order of [10-20 m3.
This value is related to the order of magnitude of the average volume of the
WOs3 nano-wires. It should be noted that reverse growth from one-
dimensional to spherical particles is also possible at suitable annealing
conditions. For instance, nano-belts of Zn acetate were converted into

aggregates of ZnO nano-particles as reported in this journal [452].
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fitted with Eq. 5.16 and (b) aspect ratio of the nanowire vesus d and 1/d3

titted with Eq. 5.16 divided by d.

5.36 VO2 nanobelts from laser pyrolysis

Although production of VO, nanobelts by laser pyrolysis of VCls in
ethanol and aqueous V20s was discussed in Mwakikunga et al. [42], the
presentation was brief. The procedure here was similar to the one used during
the production of WOx nanowires. The belts also appeared only after
annealing of the as-deposited samples for 17 hours in flowing argon

suggesting the same growth model - the SVS theory - is the mechanism of

growth. These structures are long drawn-out with some of these extending to

190



as much 100 pm [Fig. 5.25, 5.26]. The bundling together of nano-belts due to
Van der Waal's attractive forces is clearly seen in the VCL1 samples ran under
oxygen. The cracks seen in W-based sample above are also seen in this V-
based sample ran in the same gas environment. However the yield of nano-
belts in the V-based sample is not as high as the W-based one. This could be
due to the higher reactivity of vanadium alkoxide in O, than that of tungsten
alkoxide. This anomalous reactivity of V-(OR)s presents violent
decomposition and deposition and hence may impede salient self assembly.
No belts or other 1D nanostructures are observed in the VCL> sample
synthesized under C;H; showing that the O atoms in the alkoxide are not
enough to sustain self assembly of the decomposed V-(OR)s. Also no nano-
belts are observed in the V205A sample ran under O.. In this case, the
vanadium pentoxide already has enough oxygen required to satisfy the
stoichiometry of these vanadium oxides. The presence of O in the carrier gas

plays no role in this case and hence no nano-belts could be observed.
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Fig. 5.25 Scanning electron micrographs of VO nano-rods grown from VCls +
ethanol under oxygen as a central carrier gas and C:H: as the secondary

carrier gas.
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Fig.5.26 (a) Scanning electron micrographs of VO nano-rods grown from
aqueous V205 under C2H> as a carrier gas (inset) typical dense distribution of
the belts at low resolution (b) low resolution TEM image of bamboo
structured carbon nanotube found amidst the VOz ribbons and (c) a higher

magnification of the CNT showing disorder amidst ordered growth.
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5.37 Size effects on the thermochromism of VO;
The study of thermochromism in the current work was carried out by
evaluating the hysteresis width (HW) as shown by a typical resistance versus

temperature chart in Fig. 5.27.
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Fig 5.27 Resistance of a VO2 nanoribbon film versus temperature for heating

and cooling phases showing an enhanced hysteresis

The previous models as introduced in Chapter 3 had some shortfalls.
Although Lopez et al. were initiators in showing the broadening of the
hysteresis width (HW) as the grain size decreased, they had no explicit theory
that related the two. The Pan et al. model based on the Gaussian could fit the

hysteresis profiles. In the current study, the Pan et al. model was employed in
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deriving the relationship between HW and particle size d. This attempt gave
unsatisfactory results.

There was therefore need for another approach. In this study, the
Lopez’s proposal of a stress-free Gibbs free energy was replaced with the
following argument. The energy expended in transforming a crystallite from
monoclinic at Troom to tetragonal structure above the transition temperature
Te+ is kp(Te+ - Troom) Whereas the energy lost in restoring this crystallite from
tetragonal at a temperature T > T+ back to room temperature via another
transition temperature Tc is kp(Tc- -Troom). The difference between these
energies gives the energy of the hysteresis and this energy difference is kp(Tc+
- T¢.). One assumes that this energy is responsible for the amount of stress that
is introduced to the structure as the materials transforms from monoclinic
phase to that of tetragonal and vice versa. The stress in the structure is
proportional to this residual hysteresis energy. In its full form, one would
represent stress as rank two tensor written as a 3x3 matrix as first proposed
by Einstein. However, for simplicity and relevance to this work, the empirical
expression relating yield stress to the grain size was adopted from the so-

called Petch relation in metallurgy [431] given as

K
g5 =0, +TZI [5.18]

Where 0y is yielding stress for a material in bulk form and ko is constant for a
particular material. As the particle size d decreases (to nano-scale) the second

term becomes important and yielding stress increases abruptly.
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Based on the assumption that the residual energy kp(Te+ - Tc) is

proportional to the stress it causes one then can write:

k
kB(Tc+ _Tc—) = kB(HW) = :81(‘70 +ng [5.19]

One assumes further from experimental fact that the area under the hysteresis
curve remains almost constant, that is, as the HW increases due to size effects

the HJ increases due to the same effect. Hence one can write

(HW)(HI)= 5, [5.20]
where [ is a constant. Therefore the hysteresis jump (HJ) as a function of

particle size can be given as:

ke Bon/d
H) = —B=—

The charts in Fig. 5.28 illustrate the relationship between HW and
particle size d. In (a) a graph is plotted of HW against d. This graph compares
the present results with those of others as indicated in the caption. The
inverse nature of the HW as a function d is confirmed. In (b) a chart of HW
versus d0% is presented and a linear relationship is clearly evident as one
expects. However, if the relationship went being linear, then the HW
increases to infinity. This means that as VO, particles tend to nano-scale, the

HJ tends to zero; meaning that the materials is thermally stable but cannot
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Miyazaki et al. , Ref. 432 (6) Choi et al. , Ref 433, (7,9) Current work, Ref. 39, (8)

Kivaisi et al. , Ref. 434 (b) HW against d-0> showing the linearity limited to

switch very well. This is not expected. The reality is that the H] decreases but

is never zero. This places an upper limit to the HW as seen in Fig. 5.28 (b)
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where the non-linear curve has been drawn to guide the reader’s eye. bulk
VOy; at nanoscale, linearity is broken as illustrated with a broken line in order
to guide the eye.

Further a survey of models on metal- insulator transitions and the VO2
thermo-chromism can be found in a book chapter by Mwakikunga et al. [456]
also attached in the Appendices A6 of this thesis. Other relevant publications

are not attached to this Thesis but may be found in the public domain.
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Chapter 6
Concluding Remarks and Other Research Spin-offs from the Current Study
6.1 Summary of objectives

In this study, the pursuit for nano particles of VO, and WO; was
carried out using ultrasonic spray pyrolysis. This was done in order to study
the change in the nanoparticles” respective thermochromic and gaso-chromic
properties. Nano-crystals of VO2 were successfully obtained whose average
size was determined to be about 800 nm by using a Jeol JSM-5600 scanning
electron microscope. After using a better LEO 1525 field emission scanning
electron microscope (FESEM) - operated at 3 - 22 kV, the particle size in these
samples has been re-determined and shown in this thesis to be about 80 nm
instead with smallest particles being about 30 nm. This was arrived at by
neglecting the few large agglomerates which were clearly visible under this
microscope. Their thermochromic properties showed narrow hysteresis width

of 10 K.

6.2 From Ultrasonic Spray Pyrolysis to Laser Pyrolysis

It has been shown how the attention shifted to laser pyrolysis for
smaller particles than 30 nm. For VO, nanobelts were discovered rather than
the spherical particles that were being sought. The belts had lengths up to 10
microns, widths up to 1 microns and thickness down to 200 nm. On WOs3

from LP, as reported in Mwakikunga et al. of Ref. 40 agglomerates of typically
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about 1 to 2 pm were obtained, each of them containing particles of diameter

of 185 nm.

6.3 The Discovery of WO3 Nanowires by Laser Pyrolysis

The consolation was the discovery of nanowires sprouting from most
of these agglomerates. Naturally, these findings brought in more questions as
to how these nano-structures grow from spherical agglomerates and from
thin slabs.

Several experiments to solve this puzzle were tried. One major plan
was to anneal WOs spheres grown from either LP or USP and image them
insitu either with TEM or SEM. TEM was there at hand. From these
experiments, no nanowires were seen. This could have been due to high
vacuum condition in TEM which are very different conditions used in the
normal annealing process in the laboratory- with argon running at almost

atmospheric pressure. This important experiment was reported in Ref. 43.

6.4 From Laser Pyrolysis Back to Ultrasonic Spray Pyrolysis -Role of

Annealing in the Production of the Nanowires and Nanobelts

The other major and cheaper experiment was to anneal these USP WOs3
spheres under the same conditions used when annealing the LP samples that
led to the discovery of the nanowires and nanobelts. Nanowires again

appeared and results of this experiment - the condition for obtaining the
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nano-wires of W1sOy9 - were reported, as it was confirmed from the current
TEM studies, in Ref. 42 (attached). A growth mechanism which has been
coined solid-vapour-solid (SVS) mechanism was proposed which has recently
been followed up and validated with length-diameter data from the
nanowires in Ref. 43 (attached).

The search for the small was not over. With the novel results from LP
and coupled with a better SEM microscope at the research group’s disposal,
other nanostructures in old samples synthesized by USP were sought. Ultra
thin nano-ribbons of VO2 were found in two samples grown under argon and
hydrogen respectively at a furnace temperature of 700°C. The TEM, AFM and
electronic measurements with a four-point probe technique were reported in
the preceding chapter as well as in Mwakikunga et al. [454,455]. Of interest
were the hysteresis parameters of width (HW) and jump (H]J). A theoretical
model has been developed for these parameters in Chapter 4 and these
models have been used to explain observed findings in Chapter 5. These
tindings include results from other authors apart from the present findings
and the trend of the present data was in very good agreement with the
previous ones and the theoretical model that was developed [455]. Other
parameters that would affect the hysteresis width such as the substrate were

not considered and this forms part of the present outlook.
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6.5 Strange Things Happens to Wires at the Nanoscale

Also in this thesis it has been shown that phonon confinement by
means of Raman spectroscopy was observed in the WO3 nanowires and the
phonon confinement models available in literature have been used to obtain,
for the first time, the phonon dispersion relations for WOs. This was reported
in Ref. 41.

Also Raman spectroscopy of the VO ribbons has shown optical
phonon confinement of the 145 cm! TO-phonon of the 10-cm-thin VO ribbon.
A new phonon confinement model was derived and fitted to the ribbon data.
This was accomplished by transforming the polar-coordinate-based Richter et
al. equation to the Cartesian coordinates and isolating the one-dimension in
which optical confinement happens. Also, ribbons with thickness less than 5
nm display both the optical phonon confinement of this phonon and TO
phonon splitting. The splitting has been explained by using Lermann et al.
and Volodin et al. previous treatments on ZnSe and GaAs quantum wires
respectively. However, Lermann’s theory was shown to have a considerable
departure from the experimental values of splitting especially when the

quantum wire thickness went below 50 nm.

6.6 Possible Research Projects From This Study

To end this thesis one can propose by pointing out a few possible areas

of this research that would need further pursuit as separate projects.
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The first would be improvements on the laser pyrolysis technique to
optimise it to further reduce the particle size from the current 185 nm. One
way is to prevent agglomeration. There are so many methods in literature
which can be used to disperse the nanoparticles so that they end up being
mono-diperse including collecting the powder in a dispersing liquid such as
iso-propanol. This would mean a major change to the design of the laser
pyrolysis. Another way is to replace the pneumatic nozzle system that has
been using all along with the ultrasonic spray nozzle system. As seen in
Chapter 2, ultrasonic nebulization is very efficient in producing nano-droplets
and changing the laser pyrolysis design to harness the USP nozzles would be
a way to improving the size of the particles obtained from this setup.

The second aspect is electrochromic properties of the so-obtained WOs3
particles. This would require a fully equipped materials processing clean
laboratory with ability to processing different type of materials including
transparent conducting oxides such as ZnO, electrolyte materials and
ceramics for fabricating devices.

Next are gas-sensing properties of WO3;. Owing to the fact that sensing
of WO; particles is a well studied area of research, the new things that can be
done would be sensing properties of individual nanowires. With the
nanowires of this material at hand, establishing nano-contacts to the
individual nanowire and obtaining the current-voltage characteristics of this
wire in the presence of various gases at varying ambient temperatures would

be another exciting project. One could not perform these intricate experiments
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due to lack of facilities that would enable one to build contacts to the nano-
wires at nano-scale. Gillet et al. [435] have previously done i-v curves of a
WOs3 nanorod in dry air and humid air with an AFM machine without
heating. A number of questions on the so many unknowns were raised in
their report. Nanowires that are even thinner than nanorods would certainly
bring up so many additional “wonderland-like” unknowns and this would be
a route worth considering.

Phonon confinement has been studied widely. The phonon
confinement by Richter and the modifications for thin films, nanowires,
quantum dots, slabs and the current modification for ribbons have had their
achievements. However, in some materials, when the confining dimension(s)
become(s) lower than 5 nm, most of the phonon confinement theories fail.
Phonon splitting is another phenomenon which is still not conclusive.
Lermann’s theory based on strain relaxation between the lattice of the
material and the substrate does confirm that as the quantum structure size
decreases, the phonon splitting increases. This theory however requires
improvement as there is explicit departure from experimental data below 50

nm.
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Appendix_T1

pyrolysis from 1999 to 2008

Table showing research in materials synthesized by ultrasonic spray

Final material

Starting Materials

Synthesis parameters
(f, G, ta tr, to, T, Ta, Ts)"

Refs.

NiO-Ce ¢Gh 101,05
LiM 0sMn; 5045

LiFe;,MPOy

Lao 6S10.4C00s5
[Nio.4C0pMng 4]O4
LiMnN 1 g26Cr0.17:04
LiM ,MnO,

CoTMPP/C
IS,

ZnO:(AlN)
ZnO

ZnO p-rods
Zn(Mg, Cd)x O
ZnO:In
Zn,.,CdS

ZnO LEDs
p:ZnO
ZnO/Au/Zn/Au
Zn; M0
Zn(Si,Cr)Q:Mn

TiO,
SrTiO3:Pr,Al
C0;04,CuO,NiO
ZrO4:Ba,Y
Zr0,,CeQ,YSZ

Agl

F:CdO
y-F&;0s/Mgo
Ca(PO)(OH)2-Hdap
VO,

Co nanoparticles
SNnQ;:Sh,F (TCO)
Al,O3

CeQ

In,03-Zn0O
GdCa..LuOs5
V-GS,

Ce(NCs).6H,0,Ni(NO3)2.6H,0, GA(NC3),.6H,0
Li(NOs), Ni(NO3).6H,0, Mn(NOy),.4H,0

LiNO3,FeNQ, HsPOy, Mg(NOs),, CsHgOs
La, Sr, Co nitrates in dist. H20

Ni, Co, Mn nitrates in dist. H20

Li, Mn, Cr nitrates,

Li, Co, Mn, Al nitrates

CO(NG;),tetramethoxyphenylporphyrin,IMPP
InCl; +SC(NH,); in ethanol

Zn(CHCOO).2H;,0, CHCOONH; AI(NO3)3
Zn(NOs)+H,0, 0=7.2x10° Nm*,p=1030.3kgn¥
ZnCl, + distilled HO

Zn(CHCOO), Mg(CH,COO), Cd(CHCOO)
Zn(CH;COO).2H,0, Doping In/Zn=1/5

ZnCh, + dist HO, CdCh.H,0, CS(NH),
Zn(CHCOO), Mg(CH,COO), CH:COONH;:In
Zn(CH;COO),CH;COONH;, Al(NO3)3.9H20
ZnCl,, CS(NH), thiourea

ZnClL+HCI,FeC}, AgNO;

TEOS+ Zn, Mn nitrates

TiO[CH3;COH=COCH],, CH;OH
Sr,AlLPr, TiO nitrates, acac

Co, Cu, Ni nitrates, §g0-.H,O

Zr, Ba,Y nitrates, chlorides in dist,&
Zr, Y, Ce acetate hydrates

AgNO;, KI
Cd-acetate, NkF

Mg(NOs)..6H,0, Fe(NQ),.7H,0
Ca(NGy),.4H,0, HPO,, H,O, NaNQ

NHzVOz+VCLs in dist. H20
Cemented W carbide scrap

Sn, Sb chlorides in alcohol, NH4F

Al acetylacetonate in methanol + H20
Ce nitrate

In acetate + Zn acetate in alcohol
Gd,Cu,Co nitrate hydrates
GdChk, CS(NH), thiourea

1.65 MHz, Ny, 1Lmin™, 2 min (p)
1.7 MHz, air, 10 L mift, 500°C(T¢)

Te=450°C, TA=700°C

1.6MHz, oxygen, #=1000C

1.7MHz, air 10L/mn,4=2s, 500-900C
1.7MHz, air, 0.5dm3/mngt5s,1073K
1.67MHz, 0.38 Mimn &=1.5s, 906C

2.4MHz,N,,5dn/mn,800C
Nz, 15Lmint,=20min, Ts=380°C

N,, Corning 7059, 45 (Ta)

1.7 MHz, (2.8um droplet)

1.63 MHz, air, 2mLmi}, 100min (p)
N, Si(100)

120 kHz, air, 200 mbar, 370 (Ts)
Air, 5 mL min?, 20min (), 250°C (Ts)
GaAs(100), E=450°C

1.7MHz, TS=456C

TS=496C

1.63MHz,air,2mLmf, Ts=500°C
1.7MHz,air,2dmmn, tz=4.8mn,806C

1.2MHz, air, 3.5L/m,g=7mn, 450C
1.67MHgz, air 0.5drfimn, 1306C
1.7MHz, air, 506C

2.6MHz, 02, 150drith,800-1206C
1.65MHz, air 20L/mn,¢&=3.2s,650C

1.7 MHz

58 kHz, N, ImLmin,15min (b)
3L/mn, T--500-800C

1.6MHz, Ar, 3L/m,500-70¢C

1.7MHz,11L/mn,$=30mn,500-708C
800kHz, H 12mL/mn,700-908C

0, & N, 200cni/mn, $=60mn 506C
1.5L/mn, t=14mn, 37%

1.7MHz, air 40L/mn, 600-100C

0, 600cni/mn, $=90mn, 556C
1.7Mhz,£=3s,==900°C
N, 2-3L.mn?, as-USP, 280-35C

[98,145,1588,16(

[99,142,143,200,201,198,236]

[113,140,154,211]
[120]
[139]
[122]
[149,163,166,169]

[123]
[109]

[100,127,133,161,159]
[101,134,146]
[105,126]
[104,115,135, 153]
[107,114,115,203]
[109,118]
[114,243]

[115]

[116]

[124,224]
[164,212]

[110,125,167,173,201]
[206]

[111]

[129,215,226]
[231,236,244,236]

[103,131]
[106,117]
[119]
[121,129]

[131]

[136]
[141,169,210,232]
[144]

[147,220]

[148,162]
[150]
[151]

Uf = frequency of nebulize6 = type of carrier gag, = annealing period of timés = residence timeyp = period of depositioril = furnace

temperatureT, = annealing temperatur€s = substrate temperature

260



Final materie Starting Material Synthesis paramete Refs
(f, G, ta tr, to, Te, Ta, Ts)"
WPA 28-tungstophosphoric ac 1.7MHz, N\, 0.022/mn, 80(°C [152]
Cds CdCh, (NH,),CS thiourea N2 5mL/mn, Ts=473-623K [155,221,239]
BiSI rods BiCl;, CS(NH)2, | in ethanol N, 2.5L/mn, as-USP, 320 [156]
Bi,Ss Bi(NO3)s.5H,0, CS(NH),, H,0 N, 200L/hr, asy-USP, 45G [204]
Silica Na0.3Si0.5H,0, H;BOs, (NH).,CO 1.67MHz, air 5-25L/mn 100C [265]
NiO NiNO3.6H,0, ethanol Air 5L/mn, tz=5s as-USP, 406G [203]
Al,O5 Al acetylacetonate, MeOH, acetic acid tp=120mn,240-44%C [207,227]
Fe(lll) oxide Fe acetylacetonate, ethanohH air, 4-9L/mn,asy-USP [213]
EwOs Eu Acac [Eu(CHCOCHCOCH)3] Air 7L/mn asy-USP, 55C [213]
Y,0z:Eu Y,Eu,Ce nitrates 2L/mn,500-606C, TA=900°C [229]
La,O5 La(CH;COCHCOCH); Air, 6-7Lmn, asy-USP, 55C [217]
WO; H2eNgO41W12 in dist. HO 40kHz, Argon 1L/mn with urea [219,222]
Y 0.8BaCly O Y(NO3)s, Ba(NG),, Cu(NQGy),, dist. HO 700-900-506C, 90 mins [213,137,139,198,199,209]

Bi,SnLCaCuyOy
Cd:TI-2223

Lay xSKGa.Mg,0
Ba-Ca-Cu-O

YAG(Y 3Al501,):Ce
Mullite (AITIO)
TiO,

Cuy 1Mny O spinel
RuO,

Bi,0s+2SrCQ+CaCQ+2CuO
Ba,Ca,Cd,Cu nitrates, H20

La,Sr,Ga oxides, carbonates or nitrates
Ba,Ca,Cu nitrates

Y, Al, Ce nitrates

TEOS in ethanol, ag. Al nitrates in HNYO
Ti(i-C3H704)s, CsHiOCH,OH

Cu, Mn nitrates

RuCk, ethanol, HO

1.5MHz, 500-908C
Ts=150°C,Ta=890°C
Tr=1173K, Ta=1400C
tp=5min, Ts=150C, TA=450C

1.75MHz, N 2L/mn, 906C
30-40dni/h, 900C

ESD-USP, F=250C

2MHz, N2 5-10L/mn, 725-1200K
40kHz, 1mL/mn, F=190°C

[139,219]
[233,237]
[239]
[243]

[223,230]
[229,234,235,245]
[236]

[241]

[240]

Ui frequency of nebulize6 = type of carrier gas, = annealing period of timé = residence timep = period of deposition,
Tr = furnace temperatur€, = annealing temperaturé = substrate temperature
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Appendix T2: List by year of materials synthesized by laser pyrolysis from 1974

Year Articles/year Materials References
1974 1 294
1975 1 295
1977 1
1978 2
1983 3
1984 1 Light olefins 305
1987 1 Graphite rods 306
1989 1 Cr20s; 307
1990
1991 2 C: FexCy particles 309,310
Diamond
1992 2 Fe and Fe/C 311,312
Fe
1993 2 Fe 313
o-Fe,Fe;C,FerCs
1994 1 Si 314,315
1995 5 316-320
Si-nitride
C blacks
Naphtha & MoN2
Rb:MoS:
199% 1 Si oxides 321
1997 5 322-325
fullerenes
nanopowders
carbon nitride
1998 6 Hydrocarbons, Si, FexOy,Fullerene /soot 325-330

Ta:TiO,, SiCN
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Year Articles/year Materials References
1999 5 Carbon nitrde SiC 331,333,335 332,334
Fullerenes
Fe.Cy & Fe SiC
2000 9 Si NPs Fullerenes Fullerene 336 337 338
FexOy Fullerenes Metal NPs 339 340 341
Fullerene  Fe clusters Si & Fe NP 342 343 344
2001 6 SiC Fe NCs Maghemites 345 346 347
SiC(B) CNPS SiQDs:Diamond 349 349 350
351
2002 5 Fe-SiNP  SiC 351 352
NPs Maghemites 353 354
355
2003 4 Si/C/N Fullerenes 356 357
FexOy Fe:C 358 359
2004 8 Fe:C Te films Fullerenes 360 361 362
C Fe Maghemite 363 364 365
SiCN C 366 367
2005 10 Co Ti:yFexOy Si NCs 368 369 370
CN Fe 371 372
SiC,TiC Fe:Graphite Fe/FeC/C 373 374 375
Fe:FexOy  coreshells coreshells 376
coreshell Si
2006 16 TiC SnTe FesC 377 378 379
PAHs general FexCy 380 381 382
NPs simulation Ncatalysts 383 384 385
SiCN simulation M:polymer 386 387 388
Mag. SiC Fe:FexOy 389 390 391
General coreshells
2007 13 Si NCs Fe/Fe:O/p  SiC,TiC,ZrC 392 393 394
Fe TiO2 Maghenite 395 396 397
Fe3C C:Fe C 398 399 400
Fepy CS  NPs TiO2 401 402 403
Nano C 404
2008 3 General WO; NWs WO; NWs 405 40 43
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Abstract

Vanadium dioxide synthesis is a special problem from any precursor material due to the multi-valence nature of vanadium oxides and
the fact that, among these oxides, VO, is one of the most unstable of them. Its synthesis therefore must be done under properly controlled
conditions. This paper reports on the results of the production of the sub-micrometer structured VO, thin films [or the first time by the
ultrasonic nebula-spray pyrolysis from the precursor vanadium tri-chloride in an aqueous solution of 0.085 M ammonium meta-vana-
date. The optimized flow rate of the argon carrier gas was 11 mlmin~! and VO, was obtained at deposition temperature well above
600 °C. Infrared switching confirms the VO, transition temperature in the neighborhood of 60 °C for samples prepared under argon
whereas, those prepared under oxygen show a drastic shift in transition temperature to the neighborhood of room temperature (23 °C).

© 2005 Elsevier B.V. All rights reserved.

PACS: 81.05.2

Keywords: Vanadium dioxide; Ultrasonic spray pyrolysis: Raman; Transition: Thermo-chromism

1. Introduction

Thermo-chromic materials are characterized by a semi-
conductor-to-metal transition occurring from a reversible
change in their crystalline structure as a function of the
temperature. Along with a change in optical propertics
are also electronic transitions evidenced by a change in
electrical resistivity, This change has been observed in tran-
sition-metal oxides [1,2] such as Ti203, Fes0y4, and MogQOaq
and in several magneli phases of vanadium oxide, V,0,,_1.
Among them, VO, has received the most attention because
of the large reversible change of electric, magnetic and opti-
cal properties at temperatures around 70°C [3].

During the semiconductor-to-metal transition, the opti-
cal properties of vanadium dioxide are characterized by a
sharp decrease in optical transmission in the infrared spec-
trum. This is coupled with an increase in its reflectivity.

" Corresponding author.
E-mail address: bonex mwakikunga@yahoo.com (B.W. Mwakikun-
gal

0925-3467/8 - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.optmat.2005.10.007

Because of this anomalous behaviour, vanadium dioxide
has been presented as an attractive thin film material for
electrical or optical switches, optical storage, laser protec-
tion, and solar energy control for windows in space
satellites.

The transition temperature of vanadium dioxide of
70 °C may be decreased by the addition of high-valent tran-
sition metals such as niobium, molybdenum or tungsten.
Trivalent cations (chromium and aluminium) mcrease the
transition temperature. The hysteresis profile associated
with the transition depends on the microstructure and crys-
tallinity of the sample.

Since the discovery of the VO, semiconductor to metal
transition by Morin in 1959 [3] VO, has been a subject of
numerous experimental and theoretical studies. In the
first-order [3] phase transition of VO, the material under-
goes a reversible change from a tetragonal rutile structure
phase, space group P4/mnm with typical lattice constants
a=45546 A and ¢c=2.8514 A. at higher temperature to
a monoclinic structure, space group C2/m with lattice con-
stants a=12.09A, b=3.702A, 6.433 A and f=106.6°,
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below the phase transition temperature [4]. These structural
characteristics led Goodenough [5] to propose a model of
the electronic structure based on the molecular field the-
ory that has accounted for some propertics of VO, metallic
and semiconducting phases [6]. This model has subse-
quently undergone further improvements by incorporating
clectron-electron correlations [7] and electron phonon
interactions.

Because of the ability to change the transition tempera-
ture by doping, Lee et al. [8]and more recently Jin et al. [9],
suggested that tungsten doped vanadium dioxide can be
used in energy eflicient windows. These smart windows or
electro-chromic displays find special applications in the
architectural. automotive and acrospace sectors [11].
Roach [11] pointed out that, due to the changes in reflectiv-
ity during the phase transition, VO, films can be used as a
kind of optical disc medium and demonstrate holographic
storage. Bit recording on VO, films using a near-infra-red
laser was demonstrated [12]; stability during long-term
storage and over 10° time cycles of write and erase were
achieved without degradation. Switching time of about
30 ns and writing energy of the order of a few mJ/cm? were
reported [13]. Bit density has been estimated to be 350 hits/
mm. Such low threshold recording energy and crase-re-
write abilities encourage the use of VO, films as a recording
medium [14]. More recently, the use of VO, thin films was
suggested in ultra-fast optical switching devices. The high-
temperature metallic state attained in 5 ps by using femto-
second laser excitation at 780 nm was reported [15]. In
summary, vanadium dioxide is an interesting candidate
for modern applications of active thin films in optical or
electric [16] switches.

VO, has been prepared by vapour transport method
[17], ion implantation [18], hydrothermal technique [19]
for nano-wires and nano-belts; r.f. sputtering [20,21], sol
gel technique [22] and pulsed laser deposition [23] for thin
films. In this article, synthesis for the first time of micro-
structured thin films of VO5 by ultrasonic spray pyrolysis
process is reported. The only work that precedes this work
was on V,0s by spray pyrolysis by Bouzidi et al. [24]. V05
is the most stable of vanadium oxides and this is the initial
candidate that is present in most synthesis processing. To
obtain VO», one of the most unstable oxides, controlled
conditions are required. The present article reports on the
work geared to obtaining VO with optimized conditions
in ultrasonic spray pyrolysis process.

2. Experimental

A precursor solution of ammonium meta-vanadate
mixed with vanadium tri-chloride, NH;VO; + VCl; (coded
AMVC) was prepared. The AMV was a whitish yellowish
powder with molecular weight of 11698, density of
2.326 g em ™ and a melting temperature of 200 °C. Surface
tension of the precursor solution was measured using the
capillary rise method. A scoop weighing 6.1 g of AMV

and was dissolved in 600 ml of distilled water and mixed

well using a magnetic stirrer on a hot plate at around
70 °C for about 3 h. The so-made solution was then dec-
anted into the container that was housing the ultrasonic
nebulizer operating at a frequency of 1.7 MHz as illus-
trated in the schematic diagram of Fig. 1. Substrate mate-

Carrier gas in

fumace
alimina substrate

holder

solution

ultrasonicator

spray nozzle

Fig. 1. A diagrammatic layout of a typical set-up of the ultrasonic nebula-
spray pyrolysis technique.
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Fig. 2. Typical X-ray spectra of VO, under different synthesis conditions-

carries gas type, carrier gas flow rate, substrate type, substrate
temperature.

265



B.W. Mwakikunga et al. | Optical Materials 29 (2007 ) 481-487 483

~ 16000
14000
12000 \
10000—: H
8000 fl |2

GDOU—_ ‘,.IL '\W-)j
4000-]
2000-]

a3
280

5 @
Pt
=+ wn

Raman intensity (a.u

V15 crystal

o 8

2 &
“\\%"ﬁ

T T T T T T
0 200 400

Raman intensity (a.u.)
583
[

——
7
184
76
=

%%
5%

T
600 800 1000 1200 1400

Wavenumber (cm-1)

[¢] 100 200 300

400 500 600 700 800

Wavenumber (cm-1)

Fig. 3. Typical Raman spectra for crystalline islands (above) and the rest of the amorphous film of powder (below) of VO,.

Fig. 4. A typical scanning electron micrograph of the YO, on a Corning
glass substrate shows the morphology of the surface of these samples.

rials underwent the usual rigorous cleaning procedure of

detergent ultrasonic  bath-alcohol ultrasonic bath until
the substrates qualified for deposition. Depositions were
done on quartz, borosilicate and Corning glass substrates,
at furnace temperatures varied from 100 to 700 °C, at var-
ious substrate positions in the fumace and using oxygen,
argon and hydrogen for carrier gases at flow rates varied
from 18 to 8 mlmin~'. The optimum conditions for
obtaining VO, by ultrasonic spray pyrolysis were found

I VO2A, data
— Gaussian fit

1600
1400
1200
1000

Gaussian centre 0.80673 um
800 width 0.010723 pm

Frequency count

I_IJ B I
T s T
0.4 0.6 0.8 1.0 122 14 1.6
Particle feret diameter (um)

Fig. 5. Size distribution of the VO, image in Fig. 4 using Image Tool™
reveals the grains are preferentially spherical with a modal diameter of
800 nm.

to be as follows: substrate temperature of 500-700 °C, car-
rier gas type of argon, carrier gas flow rate of 11 ml min™"
and system pressure of 4 10N em™ and substrates of
cither borosilicate window glass or Cormning glass.
Structural studies of the as-deposited nano-particles
were done using a Powder X-ray Diffractometer with a
Cu K, wavelength of 0.154184 nm; optical properties of
transmittance or absorbance were conducted using a Var-
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ian Cary UV-Vis IR spectrophotometer in the wavelength
range from 200 nm to 3000 nm. Morphology studies by
scanning electron microscopy (SEM) were carried out
using a Jeol JSM-5600 SEM microscope. Because the
SEM illuminates them with electrons, the samples also
have to be made to conduct electricity. To improve the con-
ductivity of the VO,, the samples were coated with a thin
film of carbon. In order to unveil the phonon behaviour
and the grain size distribution in the so-synthesized VO,,
Raman spectroscopy was carried out using a Jobin-Yvon
T64000 Raman spectrograph with a 514.5nm line from
an argon ion laser.

3. Results and discussion

X-ray diffraction revealed very prominent peaks belong-
ing to VO- crystal faces such as (100). (110)and (011)ina
sample prepared on window glass at 700 °C as illustrated in
Fig. 2. This suggests that VO, crystallites are randomly
ordered rather than preferring some direction, Hydrogen
carrier gas tends to bring other phases of VO, In all cases
in this group of samples, the presence of other phases
inhibits the manifestation of the VO, properties hence the
switching factor so observed. In order to characterize the
morphology of the particulates and crystallites on the so-
obtained samples. the Scherrer equation was used to esti-
mate the particulate sizes. —5.2186 nm as mean crystallite
diameter was obtained.

Table 1

An outline of previous and present findings of Raman phonon modes in VO,

A number of authors have published their Raman study
findings in various forms ol VO, whether crystalline, amor-
phous or singe crystals. Raman intensities are much higher
from single crystals. However, not much has been done on
micro- and nano-sized powders due to the weakness of the
Raman signal from these samples. In the present work, a
considerable amount of intensity of the incident laser beam
had to be set to get some Raman signal from the samples.
At about 200x magnification, one could see that these VO,
samples were amorphous mixed with islands of single crys-
tals. Fig. 3 illustrates the typical Raman spectra (top) from
the islands of single crystals and (bottom) from the amor-
phous nano-sized powder back ground. A scanning electron
micrograph of 5500x magnification of the same sample is
presented in Fig, 4, Image Tool™ image analysis software
was used to analyze the surface morphology of the SEM
images for a size distribution pattern of the grains and
islands of single crystals on the thin films. The size distribu-
tion chart given in Fig, 5 shows that the grains are uni-
formly structured with almost all of them having a
spherical ferret diameter of around 800 nm. Table | pre-
sents the previous alongside the present findings on Raman
shifts and phonon frequencies in VO,. In this table it can be
seen that, apart from the fact that the present results
account for a wider range of Raman shift, the phonon
frequencies agree very well with previous findings.

UV-Vis-IR transmittance spectroscopy is supposedly
useful in revealing the switching properties of VO, from

Petrov et al. Shilbe Aronov et al. Srivastava and Vikhnin et al. Pan et al. Present work Present work Present work
(100 K} Chase (300 K} (300 K) (300 K} V8 (300 K) VO (300 K) V10 (300 K)
58 93
67
119 104
142 - 149 — 149 - 144 - 141 153 140
191 Ag 199 Ag 200 Ag 208 Blg 194 Ag 192 Ag 204 193
221 Ag 225 Ag 226 Ag 236 226 Ag 225 Ag
238 Ag 239 Bg 259 Ag 260 Ag 258 Bg
265 Bg 265 Bg 264
308 Ag 313 A 313 Ag 311 Ag 308 Ag 04 307 280
335 Ag 339 Bg 340 Ag 337 Ag 339 Bg
392 Ag 392 Ag 392 Ag 389 Ag 392 Ag
395 Bg 395 Bg
424 413 401
444 Bg 436 Ag 450 Elg 438 Ag 444 By 444
453 Bg 453 Bg
489 Bg 493 Ag 489 Bg 484
497 Ag 503 Ag S01 Ag 503 Ag S04 s01 513
564
594 Bg 595 Ag 594 Bg 595 Ag 585 Ag 583
612 Ag 618 Ag 620 Ag 615 Ag 618 Ag 612 613
655 Alg 627 Ag 627
670 Bg 650 Bg 676 684
693 691
830 Bg 825 Bg
850 B2g
995
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the room temperature monoclinic structure to a tetragonal
rutile-type structure at a temperature above 68 °C. Very
small amount of switching was observed in samples pre-
pared from a precursor of NH,VO; with carrier gases of
argon or hydrogen or oxygen, The samples prepared using
NH4VO; enriched with VCI3 had a remarkable switching
improvement when transmittance was measured at differ-
ent ambient temperatures. Typical switching under varying
ambient temperature was observed by measuring transmit-
tance at wavelengths in the range 200 nm to 3000 nm when
the sample was being cooled (Fig. 6) and when it was being
heated (Fig. 7). The sample synthesized at 600 °C under
argon shows a transition temperature around 65 °C and a
switching temperature resolution or a hysteresis width
(HW) equal to 20 °C (as shown in the hysteresis plot in
Fig. 8) not only reveals the crystal quality but also signifies
the broadening possibly due to particulate size. The switch-
ing contrast is significantly reduced in the sample synthe-
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Fig. 6. Typical wavelength-related transmittance with varying ambient
temperature on the VO, sample. This was a cooling cycle.
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Fig. 7. Typical wavelength-related transmittance with varying ambient
temperature on the VO, sample. This was a heating cycle.

sized at 700 °C, shown in Fig. 9, as expected, where the
particulate size is supposedly larger than on the preceding
sample. This sample shows an average resolution of about
7°C. One can also easily see the relationship between
switching factor of a sample and the temperature at which
it was synthesized, The sample prepared at 700 °C under
the carrier gas of oxygen showed a remarkable shift in tran-
sition temperature to about 23 °C as presented in Fig. 10.
This confirms the observation that changing the oxygen
to vanadium ratio sensitively affects the transition temper-
ature of vanadium dioxide as shown in the plot given in
Fig. 11. This shows that impregnating VO» with dopants
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Fig. 8. Transmittance versus ambient temperature at different optical
wavelengths for a VO, sample prepared at 600°C in an argon
environment.
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Fig. 9. Transmittance versus ambient temperature at different optical

wavelengths for a VO sample prepared at 700°C in an argon
environment.
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wavelengths for a VO, sample prepared at 700°C in an oxygen
environment.
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Fig. 11. Transition temperatures of a selected number of vanadium oxide
phases as function of the oxygen to vanadium ratio. A Gaussian fit shows
the exclusivity of VO in comparison with the other phases.

is not the only route to reducing the transition temperature
of VO,. In this case, the findings suggest that keeping the
oxygen to vanadium ratio in the vicanity of 1,93 or 2.05
should bring the transition temperature to room tempera-
ture. In both routes, this reduction of the transition tem-
perature apparently comes at the expense of the switching
quality and transmittance or reflectance contrast.

4. Conclusion

Vanadium dioxide is difficult to obtain because of its
instability among the many phases of vanadium oxides.

This article has presented the synthesis of VO, by ultra-
sonic spray pyrolysis for the first time. A precursor
solution of ammonium meta-vanadate enriched with vana-
dium trichloride was found to be one of the most suitable
starting solutions from which droplets were generated by
an ultra-sonicator operated at 1.7 MHz. The optimum
conditions for obtaining VO, have been presented. X-ray
characterization shows VO, crystals with randomized
rather than preferential ordering of the crystal faces.
Raman spectra of the VO, materials confirm the VO,
signatures obtained from previous studies. The size distri-
bution by scanning electron microscopy shows prefer-
entially spherical grains with modal ferret diameters of
around 800 nm. Infrared switching confirms the VO, tran-
sition temperature in the neighborhood of 65°C for sam-
ples prepared under argon whereas those prepared under
oxygen show a drastic shift in transition temperature to
the neighborheod of room temperature. In the latter case,
transmittance contrast and, hence, switching quality is
heavily hampered.
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We elaborate the size controlled synthesis of nano-spheres and nano-crystals of WO, by ultrasonic
spray pyrolysis. The as—deposited particles are predominantly spherical in shape and tend to exhibit
less agglomeration and a decrease in diameter as the process temperature is increased. Character-
ization was carried out using transmission (TEM) and scanning (SEM) electron microscopy, energy
dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD). One-dimensional nano-structures
with the highest yield of WO, nano-wires were observed in a sample synthesized at 500 °C but
only after thermal annealing of this sample at 500 °C for 17 hour in flowing argon. XRD revealed
a high deficiency in oxygen in all samples suggesting that the nano-structures are transformed to
sub-oxides of tungsten. Micro-diffraction patterns of a typical nano-wire reveal the monoclinic phase

of W50,
Keywords:

1. INTRODUCTION

Among several materials which can be used as active lay-
ers, tungsten oxides are highly promising. For instance,
WO, is used in flat panel displays'™ and for the detection
of nitrogen oxides (NO. NO, and NO, ). carbon monoxide.
H,S. NH; and hydrocarbons such as ethanol, benzene and
methane.>” WO, electro-chromism has been found to be
enhanced when mixed with Au and AL® Ti,” Au, Pd and
PU'" and a composite with Mo(,."* Influence of sub-
strate temperature,'> annealing,'® and proton insertion'” on

the properties of WO, has been reported. Performance of

WO, has been compared with NiO, on electro-chromism'®
and with V,05 as sensilive elements for NO detection,' as
well as with nano-powders of tin and indium oxides as CO
and O, detectors.™ Tn most of these species sensing stud-
ies WO, selectivity and sensitivity optimisation has been
central, with the maximum sensitivity typically around
350 °C. This requirement of a high operating temperature

*Authors to whom correspondence should be addressed.

J. Nanosci. Nanotechnol. 2008, Vol. 8, No. xx

1533-4880/2008/8/001/009

can be a major setback with regard to operational costs
of the sensor, hence the desire to find similar performance
at lower temperatures. It has been shown® that reducing
the WO, particulate sizes (o sub-micrometer and nanome-
ter levels decreases this oplimum temperature to 200 °C.
Room temperature sensitivity has been reported'” although
more work is required in order to ensure scalability and
repeatability of such findings.

The aim of the present study was to consider means
to decrease the particle size of WO, in order to enhance
the above properties at suitably low temperatures. Vari-
ous methods were employed, including ultrasonic spray
pyrolysis (USP). reported here, and laser pyrolysis (LP).
reported elsewhere.? Successful synthesis of stoichiomet-
ric VO, (one of the most difficult transition metal oXides
to synthesize) by ultrasonic spray pyrolysis was reported
in a previous paper?' while nano-wires of WO; by LP
were reported by some of the authors previously.” Based
on these successes, we attempted (o synthesize WO, by
USP. It must be mentioned that WO, particles have been
synthesized by Patil’s group before by USP;'® however

doi:10.1166/nn.2008.VC12 1
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their processing temperatures and post-synthesis anneal-
ing conditions were different from those reported here.
Morphology and structure of our post-annealed samples
yielded very unique findings.

2. ULTRASONIC SPRAY PYROLYSIS
EXPERIMENTS

A precursor solution of 4.1 g ol ammonium meta-tungstate
hydrate, [(NH,);W-0,, -6H,0 (AMTH). a white pow-
der of molecular weight of 2972.0 a.m.u., solubility of
0.1 ¢ mé~" and melting temperature of 700 °C] was pre-
pared by dissolving the powder form in 600 ml of dis-
tilled water and mixing well using a magnetic stirrer on a
hot plate at around 70 °C. Substrate materials (Corning’s
microscope cover glass) underwent the usual cleaning pro-
cedure until the substrates qualified for deposition. The
surface tension of the precursor solution was determined
by a capillary rise method to be 5.4 107 kg-m~" and its
density was measured to be 1.033 x 1073 kg m=3. The so-
made solution was then decanted into a container which
housed the ultrasonic nebula generator, operating at a fre-
quency of 1.67 MHz. A more complete description of the
experimental set-up can be found in Refs. [21] and [22].

Depositions were done on Corning glass positioned at
the exit of the furnace for 30 minutes with an argon carrier
gas flow rate oplimized to 11 £ min~'. Samples were col-
lected without any annealing at furnace temperatures of
100, 200, 400, 500, 600 and 700 °C, labeled W1 through
W7 respectively. Some were subsequently annealed at
500 °C for 17 hours and labeled correspondingly: W1-500,
W2-500, W4-500, W5-500, W6-500 and W7-500. In each
session of annealing, the anncaling furnace was pro-
grammed Lo increase the temperature to 500 °C, at a heating
rate of 10 °C/minute, and then remained constant at this
temperature for 17 hours before being cooled down to room
lemperature.

We used a Powder X-ray Diffractometer (Philips Xpert)
with a Cu K, wavelength of 0.154184 nm for structural
studies of the as-deposited micro- and nano-particles. Mor-
phology studies were carried out using a LEO 1525 field
emission scanning electron microscope (FESEM) operated
at 3-15 kV equipped with EDS system.

3. CHARACTERIZATION RESULTS
AND DISCUSSION

Scanning electron micrographs are presented in Figures 1,
4 and 5. At low furnace temperature most particles are
formless with islands of thin crystalline platelets in the
shape of rhombuses (see inset (a) of Fig. 1), with internal
corresponding angles ol approximately 87° and 99°. From
Figure 1 it is evident that the particles become more spher-
ical as the furnace temperature is increased, appearing as
almost perfect spheres at around 500 °C and higher. There

2

is however crystals of various shapes in the midst of the
spheres, indicating a distribution in both size and shape.
The as—deposited WO; spherical particles were analyzed
for their size distribution as a function of furnace tempera-
ture (using Image Tool™ software), with the results shown
in Figure 2. From regression analysis, we speculate that
the relationship between the sphere diameters (d) and the
furnace temperature (7) is: d = a4 BT, with 0.680 < a <
0.937 and —6.8 x 107 < B < —3.2 x 107 within a 95%
confidence interval. The expected values of a and S are
0.808 and (—5.1 x 107*) respectively. The null hypothe-
sis of B =0 was rejected in favor of the linear relation-
ship quoted above, again within a 95% confidence interval.
Thus it scems that as the furnace lemperature increases,
so the mean grain diameter decreases; in addition, the
decrease in variance of the distributions as temperature
increases confirms that there is less randomness in size at
higher temperatures, pointing to a more controlled deposi-
tion process. A similar general trend is noted for the nano-
platelets and nano-crystals of various shapes (not shown
here) suggesting that “Oswald’s ripening.” a phenomenon
of agglomeration of nano-structures due to high temper-
s minimal in the present samples. The regression
is above, however, only helps us to see the trend
of the (T, d) data; we cannot use this trend to extrapolate
diameters to lower or higher temperatures. A more real-
istic theory of condensation and crystallization based on
laws of thermodynamics, after Tiller,”** was thus used to
explain the data. This theory states that for condensation
of the vapor species, critical nuclei diameter, d., depends
on the super-saturation of the condensing material. The
relation™ * for d, as a function of temperature and partial
pressure is reproduced here as
4.0.-0
° T RTIn(p/p*)

(1)

o is the interfacial energy between the substrate (Si0O;)
and the condensing species (WO5), £ is the molar volume
of the WO, condensing material, T is the temperature, p is
the partial pressure of the growth species which in turn
depends on temperature and p* is the partial pressure at
equilibrium. The assumption of the ideal gas law, pV =
aRT, becomes more valid at higher temperatures and the
we can re-write Eq. (1) as
d 4.0:-0
¢ RTIn(RT/Q-p*)

Equation (2) has been fitted to our experimental data
in Figure 2(a) with the assumption that d, is the final diam-
eter of the particles and the values of interfacial energy o
(0.6+0.2 mI m™?) at a partial pressure at equilibrium, p*
(2% atm.), for WO; were determined. Note that in both
Egs. (1) and (2), the possibilities of T =0 and T < 0 are
completely disallowed in keeping with the laws of ther-
modynamics. The linear regression equation has also been
plotted in Figure 2 for illustration and to guide the eye.

(2)
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100 nm

Fig. 1. Scanning electron micrographs of as-deposited samples synthesized as different temperatures (W1 = 100 °C. W2 =200 °C, W4 =400 °C.
W35 =500 °C, W6 = 600 °C and W7 = 700 °C). Note the improvement in the roundness of the spheres and the presence of platelet and sheets (inset

of 100 °C sample) amongst the spheres.

Spheres were easier (o characterize since only the radius
was measured. In comparison Lo crystals of other shapes,
dimensions such as length, width and depth have to
be measured with difficulty in SEM and TEM images.
Figure 3 presents size distribution of the nano-crystals in
a sample synthesized at 700 *C. The mean crystal size is
732 nm with a standard deviation of 12£3 nm.

Al temperatures below 650 °C rod-like (nano-wire)
structures were observed in the midst of the as—deposited
particles, indicative of the onset of one-dimensional (1D)
growth even before thermal annealing. In order to enhance
this growth, portions of these samples were further
annealed at 300 °C for 17 hours as explained in the experi-
mental section above. Although nano-wire structures were
observed in all samples annealed under similar conditions,
the highest yield was found in a sample synthesized at
500 °C. The wires in the sample W5-300 are extremely
long and with a high aspect ratio. An amplified image and

J. Nanosci. Nanotechnol. 8, 1-9, 2008

size distribution chart for this optimum sample are shown
in Figure 4. The most probable diameter of the nano-wires
was calculated (o be 1016 nm, with a standard deviation
ol 35+7 nm.

Figure 5(a) illustrates a magnified image of a remark-
ably long nano-belt in a sample synthesized at 700 °C and
annealed at 500 °C for 17 hrs (sample W7-500) whose
thickness is about 30 nm and whose length is roughly
10 wm. Figure 5(b) suggests that these nano-belts are
growing out of the spheres themselves. which is in agree-
ment with previous observations of similar structures.?

A fast XRD scan (not shown here) of all samples of the
WO, nano-spheres showed that at low furnace temperature
the as—deposited particles are molecular ammonium meta-
tungstate. The transition to WO, was observed to take place
when the furnace temperature reached 500 °C. Beyond
this temperature the as—deposited particles assumed the
WO, monoclinic structure. The fact that the transition from
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Fig. 2. Sphere size as a function of the USP process furnace tempera-
ture. Each datum point is the most probable diameter value from a size
distribution histogram with the error bars on each datum point taken from
the standard deviation of each distribution. This shows that as the pro-
cess temperature is increased the powder particle distribution becomes
narrow. Equation (2) (black curve) and the regression analysis equation
(red line) have been fitted to the experimental data.

precursor to WO, happened at 500 °C might explain the
high yield of the 1D structures in the sample synthesized
at this temperature after annealing at 500 °C.

In the temperature range —70 °C 1o 1000 °C, tungsten
trioxide is reported to undergo no less than cight phase
transformations in the solid state.®® Crystallographic infor-
mation has become available®® on the WO, phases which
occur between 900 °C and —70 °C. Below 900 °C, WO, is
tetragonal with space group P4/nmmm (D},)* and trans-
forms at about 740 °C into an orthorhombic modifica-
tion with space group Pmnb (D}$).2 Between 17 °C and

number of crystals

20 40 60 80 100
diameter (nm)

Fig. 3. Size distribution of nano-crystals in a typical sample (W7) in
the as-prepared USP particles. The most probable crystal size is 72.6 &
2.4 nm and a standard deviation of 24.4+6.0 nm.

4

Fig. 4. Scanning electron micrographs of samples annealed at 500 °C
for 17 hours in argon (a) 1D growth region of nanostructures comprising
nanotips, nancbelts and nanowires (b) a magnified image showing nano-
wires, belts and lips, (c) the size distribution of the diameler of the nano-
wire. The histogram reveals that the most probable nanowire diameter
is 101 +6.1 nm with the smallest nanowires having diameters less than
30 nm.

| @

Fig. 5. Belts or ribbon-like structure growing from among the spheres
(a) A belt growing from within the WO, spherical particles with a length
of 8.67 um and a thickness of 45.95 nm and (b) three to four nano-rods
growing from amongst spheres.
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Table 1. Structural transformations of stoichiometric WO, at different temperatures and crystallographic information of know pure tungsten phases.

Temperature (°C) Space group a (A) b(A) ¢ (A) @ (%) B () ¥ (%) Refs.
900-740 D},-P4/nmmm (tetragonal) 5.3358 5.3358 3.7882 90.00 90.00 90.00 [27]
740-330 Dj-Pmab (orthorhombic) 7.35 12.51 7.70 90.00 90.00 90.00 [28. 39]
330-17 DJ,-P2,/n (monoclinic) 7297 7.539 7.688 90.00 90.91 90.00 [29-31. 40]
17 to —40 C}-FT (triclinic) 7.2944 7.4855 3.7958 89.38 90.42 90.80 [32, 33]
—40 to =70 C2-Pc (monoclinic) 7.297 7.539 7.70 90.00 90.91 90.00 [34, 35]
a-W Oi-lm}m (bee A2 type) 3.16324 3.16524 3.16524 90.00 90.00 90.00 [43. 44]
B-we O;-Im3m (fee A15 type) 5.0512 5.0512 5.0512 90.00 90.00 90.00 43, 44]
¥-W Oi-lm}m (bec Al type) 4.13 4.13 4.13 90.00 90.00 90.00 [43, 44]
W0, P2/m( 10} 18.31 3.782 14.028 90.00 11521 90.00 PDF841516

43-W was first discovered structurally as a sub-oxide (W,0). As such it is still listed in the International Diffraction File (41-1230). 8-W forms at least partially during
low-temperature hydrogen reduction of tungsten oxides besides a-W. Several foreign elements such as P, As, Al, K etc. promote its formation (see Ref. [43]).

330 °C, WO, exhibits monoclinic symmelry with space
group P2,/n (C3,). 2 Below 17 °C WO, is triclinic with
space group PT (CH)* % and transforms at —40 °C into
another monoclinic phase with space group Pe (C2) %
These WO, phases have more or less distorted ReO,—type
crystal structures. The lattice parameters of these structures
are tabulated in Table I.

There are however numerous other phases of WO, such
as WO, (x =3 1o 5. W,0, (x=1 to 6)* and W,0,
(x =7 to 10).*® Among these phases, W, 0, is becom-
ing a material of research interest. The oxygen rich oxides
tend to show jonic properties®™® while on the other hand the
oxygen deficient compounds, such as W 30,,. show simi-
lar structural properties as pure tungsten. Table I compares
the structural information for some WO, phases to that
of pure tungsten, whose technological importance cannot
be over emphasized. Besides amorphous tungsten, three
other phases of the metal exisL. labeled a—W., B-W and
y-W. a-W is the most stable of the three and has a body
centred cubic structure™ with space group Oj-Im3m of
type A2, whereas the other two are meta-stable, have face
centered structures (space groups O3—Pm3m of type AlS
and O3—Pm3m of type Al respectively)®™ and assume the
a—W structure when heated to beyond 600 °C.

The higher resolution X-ray diffraction scan of the opti-
mum sample (W3) belore annealing showed oxygen deli-
cient monoclinic WO,_, with peaks belonging to the WO,
monoclinic*® (see Fig. 6(a)). The peaks in the range of
26 = 22-40 belong to W 1,0, and other WO,__ phases*®#!
(see Fig. 6(b)). The intense peak al around 26 = 38.12° is
closer to the (700) plane of W 30O, than the (110) of a—W
or the (012) plane of B-W. There are no peaks for pure
tungsten below 26 = 37°; many peaks indexed from the
W50, 1CDD file PDF 84-1516 showed that the W30y
wires are layered structures growing preferentially in the
(n00) direction with peaks for (100), (200), (300), (600)
and (700) present in the X-ray diffraction pattern. There is
also the presence ol a layered growth along the (n02) direc-
tion, although this direction is not as highly preferred. with
peaks for (102), (202) and (402): this is co lent with
the previous findings.™ Pure tungsten undeniably shows up
after annealing: it is interesting that the tungsten peaks at

J. Nanosci. Nanotechnol. 8, 1-9, 2008
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Fig. 6. X-ray diffraction spectra (a) for all samples compared to the
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Fig. 7. EDS of microscope cover glass from Coming Glass showing

the stoichiometry of Si0, with some impurities such as Na and K which
are believed to be catalysts of one-dimensional growth. Reprinted with
permission from [22], B. W. Mwakikunga et al. Inr. J. Laser Nanomanuf.
(2007). accepted. © 2007. Note also the strong O peak from the substrate.

26 = 40° point more to S—W rather than the more stable
a-W, contrary o what is suggested in the literature.®

In order to ascertain the level of oxygen in the sub-
strate, a clean substrate was prepared for EDS in the SEM
described above. The EDS spectrum for a blank substrate
is shown in Figure 7. indicating that the Corning glass
(microscope cover glass) contains high amounts of O and
Si atoms, with trace amounts of Al. K and Na. Potassium
has previously been suggested to be a catalyst for WO,
nano-rods*** and nano-wires.** The EDS spectrum for the
optimum nano-wire sample (W35-500) is shown in Figure 8
and the qualitative elemental composition data is summa-
rized in Table II. The presence of the O peak relative to

40
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Fig. 8. EDS of the sample W5-500 after annealing at 500 °C for 17 hrs
in flowing argon (see text for detail).

6

Table II.  Elemental analysis and quantification for a sample W5-500
with the highest yield of one-dimensional nanostructures.

Element Weight % Atomic%
w 360.1£1.8 4.6
(o] 264413 38.9
< 22321 43.8
Si 9.6+0.8 8.0
Na 3.0£04 LR
K 27407 1.6

the W (Si) suggests that some of O is from the substrate
rather than from tungsten oxides. This confirms the fact that
these 1D nanostructures are by and large either oxygen—
deficient WO, or pure tungsten of f—W phase as shown by
X-ray diffraction. The deconvolved spectrum for the near—
overlapping Si and W peaks (inset (a) of Fig. 8) show that
the intense W M (1.774 keV) peak is about 92% higher than
that from the close Si K, (1.739 keV)** peak suggest-
ing that contribution is predominantly W, with Si (from the
substrate) contributing very little to the observed main peak
in the EDS spectrum. Also, the Al (from the substrate) and
W peaks, sitting on another broad tungsten peak (inset (b)
of Fig. 8), are distinct sharp peaks when resolved with Al
assigned to the Al K, (1.47588 keV) line, and the W to the
W N, (1.4357 keV) line.** The latter are inter-shell tran-
sitions of electrons from the incomplete W—0O shell coming
to fill the vacant positions in the N shell. The X-ray energy
obtained for the W N, line agrees well with the preced-
ing higher energy transitions (1.774 keV) in the M shell of
tungsten. The W L (8.396 keV) peak is also clearly seen
in Figure 8: confirmation of the presence of pure tungsten.

Transmission microscopy revealed the structure and
composition of the WO, nano-wires. It can be seen
in Figure 9 that the nano-wires are in fact tapered sug-
vesling a needle-like profile. The nano-needle identified
had a broken tip as illustrated in Figure 9(a) which proba-
bly results from sonication in ethanol during TEM sample
preparation. These structures have a sheath around them
as shown in a higher magnification image in Figures 9(h)
and (c). EDS analysis of both the sheath and the core
showed that these were amorphous carbon and WO,
respectively. The carbon was due to coating of the sam-
ple prior to SEM for improvement of conductivity. Thus
it is likely that the nano-structures are smaller than pre-
sented by SEM abhove by a factor of about 0.4 as determined
from the TEM images. Micro-diffraction patterns from the
core provided a malch for the W 0O structure with lat-
tice parameters @ = 18.28 A, b =3.775 A, c = 13.98 A:
JCPDS 5-392. The growth direction of the nano-wire was
| 100]. This would be in agreement with the X-ray diffrac-
togram in Figure 6(b) which indicated a layered structure
with peaks 100, 200, 300, 600, 700.

Localized EDS on the core of the nano-wire is presented
in Figure 10 and confirms the tungsten oxide identification.
‘Whether Na is taking part in the nano-wire growth or that

J. Nanosci. Nanotechnol. 8, 1-9, 2008
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broken tip *

Fig. 9. TEM images of the W30y, nano-wire (a) low magnification of
the nano-wire revealing a tip-like structure; this corroborates the SEM
images (Figs. 4(a) and (b)), (b) and (c) are base and broken tip higher
magnification images revealing the amorphous carbon layer around the
W50,y nano-wire.

it is simply a catalyst is not yet obvious. Sodium could be
contamination from the glass substrate as the nano-wires
were scrapped off the substrate for transfer to the lacey—
carbon coated copper TEM support grid.

In order to discuss briefly the growth of 1D structures
from 3D structures, reference is made to some of well
known growth mechanisms proposed in the history of crys-
tal growth: (1) the screw dislocation theory.* (2) the vapor—
liquid-solid (VLS)*” mechanism. (3) solution-liquid-solid
(SLS)* growth and (4) the vapor—solid mechanism.* The
first two mechanisms explain 1D growth in vapour deposi-
tion methods with catalysts for the case of VLS and pro-
moled by dislocations and indentations in the case of the

Fig. 10. Localized EDS in TEM on the core of the W ,O,, nano-wire,
the copper peaks resulting from electron scattering onto the sample sup-

port grid.

J. Nanosci. Nanotechnol. 8, 1-9, 2008

screw dislocation theory. The latter can explain growth of
helical structures.**® The third mechanism is based on
wel and solt chemistry techniques. The vapor—solid mecha-
nism contrasts the VLS in that this can proceed without the
need for a catalyst with vapours undergoing sublimation
into solid state bypassing the liquid state. Typical experi-
mental arrangement in this mechanism involves evaporat-
ing the starting material and carrying the vapour onto a
substrate placed at a lower temperature than that of its
evaporating region. A number of publications including
conversion of Zn0) nano-belts into nano-helices have been
reported®”® by this mechanism. In the present study, to
the contrary, the 3D to 1D growth takes place on the same
substrate. Recently direct synthesis of W 30,4 nano-rods
was achieved by thermal annealing of CVD grown W,N
films.*" If one assumes that the starting materials (in present
study. nano-spheres and nano-crystals) are vaporized, then
the vapour sublimates into a solid state 1D structure on
the same substrate. The present observation calls for a new
mechanism whose experimental aspects are currently being
explored.

Although pure tungsten has the highest melting point
among known metals (m. pt. 3422 °C, b. pt. 5555 °C),
Gillet™ showed that the WO, particles could be sublimated
at a relatively low temperature of 350 °C. Also oxygen loss
of tungsten oxide at high temperature and low pressure
is well known.” Based on these facts, the reaction routes
toward either pure tungsten or mixed phases of WO, ol
low oxygen content can be visualized as illustrated

vapour—solid 3
{ Wis)+5 0x(8)

WO; () — W5 (g) —
WO, (5) +(1=x) Oy (g) 3

solid—vapour-solid

solid-solid

A new possible growth model comparable to the vapor—
solid (VS) growth model was identified in this case to
be either a solid—vapor—solid (SVS) or a solid—solid (SS)
mechanism. The SVS proposal is quile interesting since
the throughput of the 1D nano-structures should be heav-
ily dependent on temperature, pressure and, most impor-
tantly. the flow rate of the ambient gas. For instance, il the
flow rate is too high most of the starting material’s vapor
can be swept away leaving very little to assemble back
onto the substrate. In this mechanism therefore optimiza-
tion of the flow rate, heating rates and the ambient pres-
sure are important. Nano-rods, nano-wires and nano-sheets
could be evidence of the proposed SVS mechanism. On
the other hand, the SS route should demand a good amount
of mechanical energy derived [rom thermal annealing in
causing the 3D structure to expand and elongate into 1D
conliguration with O loss in the process. Electromagnetic
forces which become more important than gravitational
force at nano-scale should be very crucial in aligning and
condensing atoms and atomic clusters that are in constant
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motion due to thermal energy supply. Nano-tips and nano-
belts with tapered ends seen in Figures 4 and 5 growing
from other solid 3D structure are possibly all good exam-
ples of the proposed SS route. Since oxygen loss at some
temperature and pressure is time dependent, production
of pure tungsten has to proceed for a good amount of
time. In this study, the annealing time of 17 hrs was good
cnough.

4. CONCLUSION

Size controlled WO, nano- and micro-sized grains were
successfully synthesized by varying substrate temperatures
from 100 °C to 700 °C, and it has been shown how the
size and shape of the particles change as a function of
furnace temperature. Spherical particles, after annealing at
500 °C, transformed into 1D structures such as rods, wires
and belts, with the highest yield observed for a sample
synthesized at 500 °C and annealed at 500 °C for 17 hrs.
The stoichiomeltry of the 1D nano-siructures in the former
sample was found to be consistent with W,;0,, and pure
tungsten of the f-W phase.
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1 Introduction

Laser pyrolysis is based on a resonant interaction between a laser beam and a gaseous or
liquid precursor (Cannon et al., 1982; Dez et al., 2004; Herlin et al., 1996; Muller et al.,
2003), where energy is transferred by a multiphoton process between the emission line of
the laser and at least one absorption band of the precursor. An acrosol generator produces
droplets of the precursor which are carried by an inert gas (usually argon or nitrogen)
into the laser beam. Multiphoton absorption by the precursor leads to dissociation;
radicals are formed and the subsequent reactions result in nanoparticles by homogeneous
nucleation (Haggerty and Cannon. 1981). exhibiting a narrow size distribution and high
purity because the reaction takes place in an interaction zone without walls. There has
been many attempts at modelling the mechanisms involved in laser pyrolysis. Bowden
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et al. (1977) proposed a model for laser-induced photo-chemical reactions in which
selective low-level excitation of a molecular species by the laser beam was assumed to
incorporate coherent resonant energy transfer with collision damping. Other models have
been specific to certain materials, for example, the simulation of CO, laser pyrolysis
during preparation of SiC nano-powders (Amara et al., 2003; Bowden et al., 1977;
El-Diasty, 2004).

In the early 1980s Haggerty and Cannon (1981) developed a laser synthesis process
to produce silicon containing nanoparticles (e.g. SiC, Si,N,). First experiments in laser
pyrolysis were reported in 1982 by Cannon et al. (1982), and since then the technique
has been expanded to cover many new materials such as ceramics (van Erven et al.,
1997), light-emitting Si nanoparticles (Huisken et al., 2000, fullerenes (Peicu et al.,
2000; Tenegal et al., 2001), silicon-germanium alloys (Watanabe et al., 2003), Te films
(Pola et al., 2004) and recently VO, (Mwakikunga et al., 2007).

Among several materials that can be used as active layers, tungsten oxide is
highly promising. Several studies have shown that WO, can be used for the detection
of green-house gases such as nitrogen oxides (NO and NO, and NO)) (Kawasaki et al.,
2002), carbon monoxides, H,S, NH, and hydrocarbons such as ethanol, benzene and
methane (Wang et al., 2003). WO_ electrochromism has been investigated (Leftheriotis
et al., 2003) and found to be enhanced when mixed with Au and Al (Hoel et al.., 2004),
Ti (Sun et al., 2004; Shich et al., 2002), Au, Pd and Pt (Ando et al., 2001) and with MoO,
(Patil and Patil, 2001). Influence of substrate temperature (Patil et al., 2001), annealing
(Jayatissa et al., 2004) and proton irradiation on the properties of WO, have been
reported (Kamal et al., 2005). Performance of WO, has been compared with NiO, on
electrochromism (Arakaki et al., 1993), with V,0, as sensitive elements for NO detection
(Capanoe et al., 1999; Djerad et al., 2004) and with nano-powders of tin and indium
oxides as CO and O, detectors (Baraton et al., 2002). However, despite the wide range of
applications for WO,, it has to date, not been synthesised using the laser pyrolysis
technique.

In this paper we report on the synthesis of WO, nano-rods by laser pyrolysis in the
far infra-red without the introduction of a flame (induced by the presence of acetylene
and oxygen in other studies). In Section 2 we introduce the basic theory of laser
propagation and derive expressions for the dissociation zone inside the reactor.
In Section 3 the general methodology and experimental setup is presented, followed by
experimental results and discussion in Section 4. The results include the production of
thin films by laser pyrolysis whereas most of the few previous publications on this
technique concentrated on powders. The findings are summarised in Section 5.

2 Laser dissociation zone

In this section the laser beam propagation parameters are defined and applied to
determine the interaction volume of the laser beam and the precursor. A comprehensive
review of laser beam definitions and laser beam propagation can be found in literature
(Belanger, 1991; Siegman, 1991; Siegman and Townsend, 1993; Wright et al.. 1992).
We present a brief summary here to aid the reader in understanding the experimental
parameters to follow,

The multimode laser beam radius w(z) of the output from a stable-cavity laser is
defined using the second moments of the intensity distribution I(r,z). Using this
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formalism, the laser beam propagation in the 7 direction can be described by the modified
Gaussian propagation law (see Figure 1):

(1

where w, 18 the minimum laser beam width at position z,. and z, is the so-called Rayleigh
range that is related to the beam quality factor M* and the wavelength (A1) of the laser
light through the relation:

2
B al

Zgie (2)
B M2

Figure 1 A schematic laser beam propagation after a focusing element, showing the waist
and waist position
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Note; The interaction volume of the laser beam with the aerosol is depicted here by
the shaded area.

The Rayleigh range equals the distance at which the cross-sectional area of the laser
beam doubles from the waist value and is often interpreted as a measure of how far the
laser beam propagates without significant divergence. For applications where the laser
beam interacts over a length rather than at a fixed plane, such as in laser pyrolysis, long
Rayleigh ranges are desirable. The beam quality factor is a measure of how many modes
are oscillating in the laser and impacts on the space-beam-width product:

M2
1!‘08{] = {3]
T

where g, is the hall-angle divergence of the laser beam. Ideal Gaussian laser beams have
M* = 1. while all other laser beams have M* > 1. We note that Gaussian beams will have
the longest Rayleigh range of all beam types. and the smallest divergence for a given
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waist size. In processes such as laser pyrolysis, where long propagation distances are
desirable but with high power densities. good laser beam quality is essential.

With these parameters known, the power density P(r,z) of a near Gaussian laser beam
everywhere inside the reactor may be described as follows:

C e )
B(r,2) ziexp —2[ ! . (4)
11'(.')1.1

aw (2)

™,

where z is the propagation distance from the final focusing element, r is the radial
coordinate, and P, is the total power contained in the output beam. The peak power
density of the laser beam is given by:

2P
b | (5
Peak() aw () )

and clearly decreases with increasing spot size, reaching a maximum at z = z,. If the
reactor is placed al a distance d from the final focusing element and is of length L, then
the laser beam will fill a volume given by:

ir awaL(3d® + L} +3d (L—22,)—3Lz,+3(z) + 23 |
V= L aw (z)dz = 3 (6)
2R

A special case ol the aforementioned is when the interaction volume is chosen (o be

exactly two Rayleigh ranges: in this case the volume is given by:
2.4

) 8z w ;

aw (2)dz =7j? (7)

d =2y AM-A

This analytical result is useful in getting an intuitive feel for the optimal optical delivery
system: large focal spots (large w,) will give a larger interaction volume, but the peak
power density of the laser beam decreases with increasing size. If threshold power
densities are required for the process, then a compromise must be made. In addition, if
the process has a threshold power of P, then only that part of the laser beam above
this threshold will be effective for dissociation. resulting in a reduced dissociation
volume of:

pa+L

V=| arg(odz (8)

where r is the radius of the “effective’ beam:

wi(z ( 2P
Fi2)= ”Ln - ] (9)
2 aw ()P,

“~

The impact of laser beam parameters on such multiphoton dissociation processes has
been discussed elsewhere in detail (Forbes and Botha, 2005; Forbes et al., 2002), and is
beyond the scope of this paper to review. However we end this section with a briefl
summary of the salient points to be used in later sections: high power densities are
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achieved through focusing the laser beam to reduce the beam size. but this in turn
reduces the laser beam volume and Rayleigh range, thereby reducing the volume in
which the precursor interacts with the laser beam. In such problems a compromise is
always necessary. the extent of which is largely determined by what can be extracted
from the laser in terms of laser power and beam quality.

3 Experimental methodology and setup

A six arm chamber was designed and built with adjacent arms orthogonal to one another.
Two opposite arms were mounted with 2 inch ZnSe windows tilted slightly from normal
incidence to avoid back reflections into the laser cavily; these formed the input and
output windows for the laser beam, which propagated in the horizontal plane, parallel o
the optical table. through the two-arm length. The entrance window was 145 mm from
the focusing element and the total length from entrance to exit window was 390 mm.
Orthogonal to the laser beam axis. in the vertically upwards direction, the precursor
droplets were released into the chamber and travelled into the laser beam volume. The
subsequent products were collected in one of two configurations:

1 onto a substrate for production of thin films
2 onto a filter, connected to a pump, for the production of powders.

In the thin film configuration, the substrate was mounted on a rotating stage driven by a
controllable step-motor, which in turn was powered and controlled rom outside the
chamber via vacuum-to-atmosphere adaptors. The last pair of arms, not used in this
experiment, allows for viewing the pyrolysis process through either wvisual or
spectroscopic means. A schematic representation of the laser pyrolysis concept is shown
in Figure 2.

Figure 2 An illustration of the laser pyrolysis setup (see online version for colours)
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Note: The laser beam introduces a certain interaction volume into which the aerosol
droplets of the precursor are released. The insert on the right illustrated the
multiflow nozzle used, which allowed the separate entry of the precursor and
carrier gases.
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The experimental system for delivery of the laser beam is shown in Figure 3.
A wavelength tuneable Continuous Wave (CW) CO, laser was used in the experiments
(Edinburgh Instruments, model PL6). Wavelength tuneability of the laser was possible
with an intra-cavity mounted grating, allowing line tuneable output in the 9.2—10.8 pum
range. A pop-up mirror in the optical setup allowed the laser beam to be directed to a
diagnostics table for power measurements (Coherent power meter, model 201) and for
determining the lasing wavelength using a spectrum analyser (Optical Engineering Inc.,
model 16A). A polarisation based atlenuator was used to allow power variability (this
could also be achieved through adjustment of the laser discharge current). A Helium
Neon laser was aligned colinear with the CO, beam for ease of alignment through the
optical system. The laser beam was focused using a 2 m radius of curvature concave
mirror (gold coated from II — VI Inc.) and the profile of the laser beam was measured at
sarious distances from the mirror with a scanning slit to determine the complete
propagation characteristics inside the reactor. Careful choice of the slit width was made
for each measurement in order o ensure accurale results following the approach of
Chapple (1994). Since it was clear that the intensity profile was very Gaussian-like, the
beam radius al each position was calculated by wsing a Gaussian [it to the data.
A non-linear least squares fit was used (o extract the necessary laser beam paramelers,
such as waist, waist position and laser beam quality.

Figure 3 A schematic representation of the laser beam delivery for the synthesis of tungsten
trioxide by laser pyrolysis, with the six arm pyrolysis chamber shown (two arms
are in and out of the page) (see online version for colours)
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Note: The HeNe laser was used only for visible alignment of the CO, laser beam. The
final focusing element was a 2 m curvature gold coated mirror.
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The synthesis of WO, commenced with 5.4 mg of dark blue powder of WCI,
(Aldrich 99.99%) dissolved in 500 ml of ethanol. Since WCI, is highly reactive with air
and moisture, its dissolution was conducted in argon atmosphere. Optical absorption
properties of the precursor were determined using a Bomem DAS FTIR spectromeler in
the wavelength range 2004500 cm™. The precursor was decanted into a nebuliser
(Microlife, model NEB 50) which was attached to the laser pyrolysis system via a
multichannel nozzle (see Figure 2), allowing acetylene (C,H,) and/or oxygen to be
included in the mix. The precursor droplets were injected into the CO, laser beam with an
argon carrier gas. Often in such experiments a combustible combination of gases are
used. In this experiment only the multiphoton dissociation route was explored, without
the introduction of a flame. Particles from this process were collected on Corning glass
substrates, placed on a rotating stage, at room temperature. The so-obtained samples
were further annealed in argon atmosphere at 300°C for 17 hr. Morphology studies were
carried out using a Jeol JSM-5600 Scanning Electron Microscopy (SEM) microscope,
which was also equipped for Energy Dispersive X-ray (EDX) spectroscopy. In order to
avoid charging effects during SEM analysis, the samples were made conductive by
carbon coating. In order to unveil molecular composition, phonon behaviour and grain
size distribution, Raman spectroscopy was carried out using a Jobin—-Yvon T64000
Raman spectrograph with a 514.5 nm line from an argon ion laser. The power of the laser
at the sample for Raman spectroscopy of the postanncaled samples was 0.384 mW in
order to minimise localised heating of the sample. The T64000 was operated in single
spectrograph mode, with a 1800 lines/mm grating and a 20 xobjective on the
microscope. The experimental procedure showed good reproducibility of results.

4 Results and discussion

Experiments were performed in order to maximise both the power density of the laser
beam inside the reactor and the interaction of the laser beam with the precursor.
The latter requires understanding of the absorption bands of the precursor, resulting in an
optimal operating wavelength, while the former requires optimising the laser output
power and propagation paramelers in the reactor near this desired wavelength, guided by
the theoretical model described in the previous section.

The precursor’s absorption characteristics were studied by infrared spectroscopy in
order to determine the absorption bands that overlapped with emission lines of the CO,
laser. The absorption spectrum of the precursor showed an absorption band around
1000 ¢cm™, which is close to the 10P(20) (A = 10.591 um) laser emission line at 944 ¢cm™,
leading to the necessary dissociation. The power spectrum of the CO, laser was obtained
in the wavelength range 9.2-10.8 pm, and is shown in Figure 4. The major bands
correspond to the rotational and vibrational modes of the CO, molecule. In all the results
that follow the laser was set to the 10P(20) line, at roughly 10.6 um, since this had the
largest power ol approximately 50 W and was close to a measured absorption band of the
precursor.

The laser beam was focused inside the reactor and the resulting propagation was
measured. The measured data was fitted to Equation (1) and the unknown parameters w,,
z, and M were determined. This allowed calculation of the peak power density as a
function of position (from Equation (5)) and the interaction volume (from Equation (6)).
The beam radius and power density as a function of position is shown in Figure 5,
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with the extracted laser characteristics listed in Table 1. The laser beam was found
to be near Gaussian in intensity profile, and focused to a waist diameter of roughly
2.4 mm with a maximum power density alt the waislt position of approximately
2.2 kW/em’. This ensured a volume large enough for the aerosol from the nozzle to
completely interact with the laser (i.e. the entire aerosol passed through the laser beam),
at roughly 4 cm’™.

Figure 4 Experimental data on the power spectrum of the laser, showing the well-known four
distinet emission bands from the CO, laser (see online version for colours)
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Figure 5 Change in laser beam radius and power density as the laser propagates after the
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Table 1  Important laser parameters for the pyrolysis experiment; some are measured directly
while others are calculated from experimental data using the relations in Section 2

Propagation parameters Wavelength Interaction volume Power/power density
W, % M A v P, Max P, Min P,
1.2mm 440mm 168 106 um 4em’ S50 W 22kW/em®' 0.9 kW/em’

We have noted a general lack of detail in the literature on full laser propagation
parameters used in such experiments, with most authors concentrating only on the total
power delivered. We point out here that since laser pyrolysis processes follow non-linear
like responses to laser intensity (El-Diasty, 2004), it is imperative that all parameters
relevant to calculating these intensities inside the reactor should be reported (such
as those reported in Table 1). By not doing so, direct comparison of results becomes
difficult to impossible, as is reproducibility. In addition, the laser beam’s intensity
distribution will also play an important role in the process (Forbes and Botha, 2005) and
should where possible be reported. For example, multimode laser output will result in an
ever changing intensity distribution due to propagation alone, whereas a Gaussian-like
beam will remain Gaussian during free-space propagation. On the contrary, it has been
shown (Forbes, 2006) that multimode like beams may in fact maintain their intensity
distribution if the medium is suitably non-linear, as it most likely is in laser pyrolysis
experiments (El-Diasty, 2004). Thus the laser beam parameters, such as spatial
intensity distribution, beam quality and beam waist need to be reported, as they have
been here.

Raman studies on the synthesised samples showed (see Figure 6(a)) two peaks near
700 em™ and 960 ¢cm™, assigned to the O-W-0 bending mode and W=0 stretching
mode, respectively (Grabrusenoks et al., 2001), but an absence of the characteristic
peak at 804 cm™ assigned to the O-W=0 stretching mode of WO, (Lee et al., 1999).
This signature is not consistent with that expected from the stoichiometry of WO,, but
rather is similar to that of W,O, (Salje, 1977). After annealing an intense characteristic
peak at 800 ¢m™ appears as can be seen in Figure 6(b), indicating that WO, is formed.
The Raman spectra do not change with the addition of O, or CH,, indicating that
these gases do not contribute to the dissociation process, as suspected. A SEM
micrograph of the annealed samples at 5000 x magnification is shown in Figure 7(a),
with the preannealed sample micrograph shown as an insert in the top left corner.
The spherical particles before annealing are not clearly visible but after annealing almost
perfectly spherical microsized particles of WO, are accompanied with very interesting
additional nanosized features in the form of extended rods. Close examination of the
microsizes spheres suggests that they are actually composed of smaller spheres in the
nanosize scale; this might play an important role regarding the thermochromic and
electrochromic properties of the material. A SEM micrograph of the annealed samples at
20,000 x magnification is shown in Figure 7(b), showing that rod-like nano structures are
emanating from the sphere-like WO, structures. These rod-like nano structures are
distinct entities with very little to no agglomeration. Image Tool™ image analysis
soltware was used to analyse the surface morphology of the SEM images for size
distribution of the rod-like nano structures formed. The size distribution charts, shown in
Figure &, indicated that the mean diameter of the rod-like structures was 51 nm. with a
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mean length of 6.8 pm. We propose here that most (if not all) of these nano structures
are in fact WO, nano-rods, which we base on the following argument:

1 Gillet et al. (2005) have observed that WO, nano-rods can be formed when
potassium 1s present during the annealing process to act as a catalyst. We
observe the presence of potassium through EDX analysis of the samples both
before and after annealing (see Figure 9), and it is known that this is an impurity
in the glass substrate.

2 Our SEM images (Figure 7(b)) show clearly that the nanosized structures are
emanating from microsized spheres (actually growing out of the structures),
which we know to be WO, from Raman analysis.

These two facts lead us to conclude that the nano structures are in fact WO, nano-rods,
formed for the first time during a laser pyrolysis process.

Figure 6 Raman spectra of tungsten oxides synthesised under oxygen and CH, conditions
with: (a) as deposited and (b) after annealing at 500°C for 17 hr in argon (see online
version for colours)
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Figure 7 (a) SEM micrographs of a WO, sample prepared with the laser pyrolysis method. and
(b) a close up on some of the nano-rods showing the emergence of the rod from the
large spheres (see online version for colours)

[T WOamm Bl s e

Mag = 20.00KX " Signal A= 11 Lons

(b)

Note: The insert shows the sample prior to annealing while the larger image shows the
same sample after annealing. The morphology change is clearly apparent, with
tungsten oxide nano-wires in the background of the almost uniformly spherical
particles of WO,,

It also appears that some of these nano structures might be tubular in nature;
this has yet to be confirmed by transmission electron microscopy.
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Figure 8 Histograms of the diameter and length of a selection of the nanostructures shown
in Figure 7
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Note: The mean diameter and length of the WO, nano-rods (as determined from
the fits) are 51 nm and 6.8 um, respectively.

Finally we point out that the nanograins, although not having the desirable size necessary
for affecting positively the thermo/electrochromic properties of WO,, were produced
without the flame contributing component (mixture of O, and C,H,) common in such
experiments. This was a deliberate attempt at providing an environment for multiphoton
dissociation only. with resulling reactions. Despite this nanosize spheres (around 200 nm
diameter) formed an agglomeration leading to microsize particles. Since the results with
only O, or C,H, are identical and given that with only one of these gases present one does
not produce a flame, we also propose that in this case the production of such nano
structures is owing o the selective dissociation of the O—C bonds in the tungsien
ethoxide precursor liquid, which is close to resonance with the 10.6 pum emission
wavelength of the CO, laser employed. This *first observation” report will in due course
be followed with a more detailed study on the formation and properties of these
structures.
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Figure 9 EDX spectra for WO, samples (a) before annealing and (b) after annealing, showing the
presence of the catalytic potassium (K) in both cases
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5 Summary

The synthesis of nanograin tungsten trioxide thin [ilms for the first time by laser
pyrolysis has been reported. A detailed description of the experimental set up has been
outlined. and the need to present detailed information on the laser beam characteristics
for comparison and repeatabilily of results has been highlighted. Investigation of the
so-produced WO, thin films by Raman, EDX and by SEM was conducted and the results
have been presented and discussed. The well-known Raman band at 800 cm™ observed in
all samples confirms the presence of WO, as agglomeration of nanosize particles. The
present study also reports for the first time the presence of WO, nano-rods from laser
pyrolysis. The lact that these structures appear in the presence ol potassium seems (o add
weight to a previous proposal (Gillet et al., 2005) that potassium acts as a catalyst for the
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formation of WO, nano-rods. The preliminary results from this study have shown that
laser pyrolysis has great potential as a tool for fabricating nano-rods of high quality,
given the straightness and lengthy nature of most of these nano-rods.
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Novel optical and electrical properties of newly synthesized
nano-wires of monoclinic WO; and nano-belts of rutile VO,
have been investigated by Raman spectroscopy and thermo-
chromism studies respectively. Phonon confinement is ob-
served in the WO; nano-wires and the previously modified
Richter equation is fitted to the experimental Raman spec-
troscopy data to obtain the optical phonon dispersion rela-

1 Introduction Single crystalline semiconductor
nano-wires are being extensively vestigated due to their
unique electronic and optical properties and their novel use
in electronic and photonic devices, These unique propertics
arise from their anisotropic geometry, large surface-to-
volume ratio, and carrier and photon/phonon confinement
in two dimensions (1D system). More focus, in terms of
electronic and photonic applications, is currently directed
towards controlled synthesis and characterization of nano-
wires (NWs) rather than nano-tubes (NTs) due to inability
to control the electronic properties of N'Ts during synthesis.
By contrast, the ability to rationally fabricate NWs with
precisely controlled and tuneable chemical composition,
size, structure and morphology and to accurately dope
them with both p- and n-type dopants has opened up op-
portunities for assembling almost any kind of functional
nano-system ranging from integrated solid-state photonics

tions for the 713 cm™ branch and the 808 cm™ branch of
WO; phonon spectra for the first time. Electrical measure-
ments on the VO, nano-belts at varying temperature reveal an
enhanced hysteresis width of about 83 °C surpassing previ-
ously reported values on the thermo-chromism studies on

VO,

® 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and electronics to biological sensors [1]. For example,
NWs have been organized ito field effect transistors, bi-
polar junction transistors, integrated logic calculators, high
frequency ring oscillators and biological and chemical sen-
sors, with some having detection limits down to a single
virus [2]. Nano-photonic devices such as light-emitting di-
odes (LEDs), waveguides, electrically-driven single NW-
based lasers, photo-detectors and avalanche photodiodes
have all been successfully demonstrated [3].

WO, and VO, rutile (VO, (R)) are transition metal ox-
ides (TMOs) whose properties are superior in their respec-
tive families of WO, and VO, (x 1s the O/metal ratio). At
room temperature they both adopt distorted structures of
some more symmetrical TMOs respectively ReQ; and TiO,
[4]. WO, has been used as an active layer with outstanding
electro-chromic [5], gaso-chromic [6] and photo-chromic
[7] properties. For this reason, WO; has been used to con-

® 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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struct flat panel displays, photo-electro-chromic ‘smart’
windows [8], writing-reading-cerasing optical devices [9],
optical modulation devices [10], gas sensors and humidity
and temperature sensors [11]. On the other hand, VO, is
thermo-chromic [12] and due to this structural change, de-
pending on ambient temperature, VO, has a myriad of
quite similar application to WO,: energy efficient windows,
optic disc media and holographic storage, bit recording,
write-crase stable devices ultra fast switches and LR. and
radar camouflage and laser protection in the military [12].

For a perfect erystal of diameter ¢ having vibrational
modes of momentum g, the Heisenberg’s uncertainty prin-
ciple (64064 ~h) means that as 64— @ (bulk) then
o —» 0 (the g = 0 selection rule applies). As the diameter.
8d — 0 (nano-metric) then the vibrational momentum,
g —» o In this case, a contribution from the g # 0 pho-
nons determined by the dispersion relation w(g) 1s allowed.
['his accounts for the asymmetric broadening of the peaks
in a Raman spectrum. The Richter equation for confined
phonons in spherical nano-particles [15], modified to in-
clude Gaussian distribution of the phonon momenta and
particle size by Faucet and Campbell [16], and further
modified to account for the geometry of nano-wires by
Adu et al. [11, 17] has been used herein to obtain phonon
dispersion spectra for WO,.

Thermo-chromism — the ability to change VO, (R)’s
colour at different ambient temperatures — is one of this
material’s many important optical properties. This colour
change displays a hysteresis around 68 °C. The hysteresis
width (HW) determines the materials stability especially
when used in optical data storage and optical/electrical
switching applications. HW values in the range 1-10 °C
have been reported by DeNatale et al. (1989) (in Ref. [14]).
We have reported an HW of 5°C in VO, (R) produced by
ultrasonic spray pyrolysis [12]. A remarkably enhanced
hysteresis was report by Lopez et al. [14] to the value of
34 °C on which we have made an improvement in the cur-
rent study as discussed in the results section.

2 Experimental Two techniques were used in the
synthesis of WO; and VO, (R) nanostructures: ultrasonic
spray pyrolysis (USP) and laser pyrolysis (LP) [20, 21].
Synthesis of WO; and VO, by USP has been reported pre-
viously [12]. In brief, and as illustrated in Fig. 1(a), these
processes involve decomposition of the relevant precursor
droplets at atmospheric pressure in temperature regions of
100700 °C and depositing the sohid state particles that
form on Corning glass substrates. The precursor droplets
for USP were generated by focussing ultrasound waves
of frequency, f, to the surface of the precursor liquid
of surface tension, o and density, p thereby produc-
ing droplets of typical diameter D=knaip,)"”. The
solid state particles so-obtained have typical diameters
d=Dic,” MJ/p,- M’wlm where ¢, is concentration of pre-
cursor, M, and M, are molar masses of precursor and de-
posited particles respectively: and g, being the density of
the as-deposited particles. Synthesis by LP has also been
reported elsewhere [12, 20, 21]. This is schematically illus-
trated in Fig. 1(b). Droplets from precursors of WClg
(Aldrich 99.99%) in ethanol, VCl, (Aldrich 99.99%) in
ethanol and aqueous V,0; pre-molten at 800 °C were in-
jected ina 50 W CO, laser beam by a nebuliser (Microlife,
model NEB530). The beam, tuned at a wavelength of
10.59 um, was focussed to 2.4 mm to completely engulf
the injected droplets. Particles from these processes were
deposited onto Corning glass (Si0,) substrates and these
were further annealed in argon atmosphere at 500 °C for
17 hours.

Morphology  studies were carried out using a
LEO 1525 field emission scanning electron microscope
(FESEM) operated at 3—20 kV. Raman spectroscopy was
carried out using a Jobin—Yvon T64000 Raman spectro-
graph with a 514.5 nm line from an argon ion laser. The
power of the laser at the sample for Raman spectroscopy of
the post-annealed samples was small enough (0.384 mW)
in order to minimise localised heating of the sample. The
T64000 was operated in single spectrograph mode, with

—

10

8

fa)

Figure 1 (online colour at: www.pss-a.com) (a) Schematic set up of ultrasonic spray pyrolysis: (1) ultrasonic nebuliser transducer,
(2) precursor liquid, (3) carrier gas inlet, (4) nebuliser power supplier, (5) connecting bellow, (6) quartz tube, (7) tube furnace, (8) sub-
strate, (9) substrate holder, (10) exhaust pipe, (11) furnace temperature controller. Figure I(b) is the outline of the laser pyrolysis set
up: (1) laser beam, (2) focussing lens, (3) stepper-motor, (4) substrate, (5) three-way nozzle, (6) argon gas inlet, (7) carrier gas inlet,

(8) precursor liquid droplets and carrier gas inlet, (9) power meter.
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the 1800 lines/mm grating and a 20x objective on the mi-
croscope. The Richter equation given in Refs. [17, 18] and
herein reproduced as Eq. (1) was fitted to experimental
data and the pertinent parameters were extracted:

22
exp (f sz )

L 1
(w=w(g) +17/4 e

I@)=4, | |2ng, dg, .

In the equation, d is the nano-wire diameter, « is the scal-
ing factor, [ is the full-width-at-half-maximum (FWHM)

for bulk material Raman peak (/3= 6.5 em™' for WO,) [18],

g, signifies the momentum vectors perpendicular to the
wire length, e(g) is the phonon dispersion curve relation
(PDR) for the material. A =713cm™, a=0.76 nm for
the 713 ¢m™ phonon branch whereas A4 =808 cm™ and
b=0.38 nm [22-25] for the 808 cm™' phonon branch. For
the purposes of the fitting session, the phonon disper-
sion relation, @*(g)= A* + ABsin® (ag) + B sin® (ag), was
derived from the simple relation of the form e(g)=A4
+ Ba*q®. The latier assumes isotropic dispersion curves
[26]; however the former provided a much smoother fit
than the latter for the present WO; Raman spectroscopy
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data. B was determined after non-linear fitting of Eq. (1) to
experimental Raman spectral data. This was carried out us-
ing Mathmatca™.

Electrical resistances of the VO, (R) nanobelts (NBs)
were measured at different points on the sample using a
digital multi-meter and heated base coupled with a tem-
perature controller. The Varian Cary 500 spectrophotome-
ter was used to obtain transmittance of the material in the
UV-Vis and near IR ranges for optical transition studies in
VO, nano-structure. All experimental procedures showed
good reproducibility of results.

3 Results and discussion Typical SEM results of
WO, and VO, (R) by USP and LP are shown in Fig. 2.
LP WO; NWs have the most probable diameter of 51 nm
(14300 nm) and the LP the VO, (R) NBs have the most
probable (width = length) of (3 pm x 15 pm). The thick-
ness of these belts is observed to be in tens of nano-meters
as unveiled by X-ray diffraction (not shown). Raman spec-
tra for LP WO; NWs display remarkable asymmetrical
broadening. The phonon frequencies affected are 260 em™
and 700 cm™ respectively assigned to W* states and the
O~W -0 bending modes [19, 22-25]. Minor phonon con-
finement effects are observed on the major phonon of

Temperature (°C)

Figure 2 Characterization methods and results for WO, NWs and VO, NBs, (a) a typical SEM micrograph for WO, NWs and
(b) SEM for VO, NBs; (¢) VO, NBs enhanced electronic hysteresis plot compared to (d) the USP VO, optical transmittance hyste-

Tesis.
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Figure 3 (online colour at: www.pss-a.com) Raman spectroscopy data plots for WO, NWs pertaining to the 713 ¢cm™ TO phonon (a)
and the 808 cm™ LO phonon (b) fitted with Eq. (1). The nano-wire diameter considered was 14 nm.

800 cm™ assigned to O-W-O stretching mode and the
960 cm™ assigned to W = O surface dangling bonds [18,
22-25]. Fitting of the Richter equation to the O-W-0
bending mode Raman peak at 713c¢cm™ (TO) yields a
confinement scale factor of @=7.0+3.0, a pre-factor
A,=9.9x10” and a phonon dispersion parameter of
B=0.14+0.05¢cm? Similarly, for the LO phonon
at 808 em™, the scaling factor, «=14+2 and,
Ay=8.7x 10" and B=0.011 +0.005. The fitting sessions
are summarised by an illustration i Fig. 2. By this tech-
nique, we have been able to obtain the phonon dispersion
relations for the two phonon types (where @ = 0.76 nm and
b =038 nm are lattice parameters [22]) for monoclinic
WO, given as:

wio(g) =713 +101sin* (a-g) +0.0196 sin* (a-q) @
@, (q) =808 +8.1sin? (h-g)+0.0001sin*(b-q) =

Neutron scattering measurements on single crystals of
M5 WO;5, a traditional experimental method for the de-
termination of phonon dispersion curves, revealed low fre-
quency, relatively dispersion-less phonon branches [26]
but in the present study photon scattering shows consider-
able dispersion in stoichiometric WO;. Different materials
and different phonon types show differing values of the
scale factor, «: For example, & = 06.3 for 851 NWs [18],
=4 for Si nano-particles [15], a contradictory = 16m°
for Si NWs [31], = 8x* for (CdSe nano-crystals [28],
¢-BN nano-crystals [16], ZnO, nano-crystals [29]) where
phonons are considered to be heavily confined and o = 30
for anatase Ti0, [30].

X-ray diffraction results (not shown here) show that
the USP materials are a mixture of amorphous and poly-
crystalline particles whereas for LP high quality single
crystals [(100) for LP WO;NWs)] and bi-crystalline [(110)
and (210) peaks in LP VO,NBs] are obtained. The broad-
ening in a strong WO; NW X-ray diffraction peak centred
at 20=26.81 £0.02 with an FWHM of 0.88+0.10 was
used to calculate the crystallite size. By employing the De-

WWw.pss-a.com

bye - Scherrer equation assuming a standard width of 0.33°
for bulk WO,, the calculation yielded a crystallite size of
4.6 nm. The metal-to-semiconductor and optical and elec-
tronic transitions in VO, (R) are given in Fig. 1(c¢) and (d)
and these display enhanced hysteresis especially in VO,
(R) NBs synthesized by LP with a hysteresis width of
=83 °C which is much higher than the highest previously
reported value according to Lopez et al. [14] of only about
34 °C. Our HW value by USP was equally low (~5°C)
[see Fig. 1(d)]. This anomalous behaviour could be due to
resilience to structural-transformation in ultra-thin VO,
belts (as confirmed by the broadened X-ray diffraction
peaks (not shown)). However, the shift to higher tempera-
ture 1s attributed to carbon impregnation when running the
synthesis under acetylene gas. It has been found in numer-
ous previous studies that doping VO, with tons of lower
valence than 4+ increases its transition temperature
whereas doping with ions of greater valence than 4+ does
the reverse. Since the valences for carbon and vanadium
are comparable in this case, we can conclude that compa-
rable valence increases the VO, transition temperature; this
fact has to be investigated further using other types of ele-
ments of valence of 4+.

4 Conclusion We have synthesized WO, and VO, (R)
nanostructures by two related methods: USP and LP. Mi-
cro-sized and nano-sized particles were obtained by USP;
however, WO; NWs and VO, (R) NBs were obtained by
LP. Phonon confinement is observed especially in those
materials synthesized by LP and phonon dispersion rela-
tions for WO, (given in Eq. (2)) were obtained for the first
time by fitting the Richter equation for confined phonons
to experimental data. Thermo-chromic characterization of
VO, (R) NBs revealed an enhanced hysteresis width
(HW ~ 83 °C) surpassing the highest reported value so far.
This study shows the highly promising potential of LP as a
materials processing technique in terms of improving the
optical, photonic and electrical/electronic properties of ma-
terials.

@ 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Abstract
WO,

Laser pyrolysis has been used to synthesize

nanostructures. Spherical nano-particles were

obtained when acetylene was used to carry the precursor

droplet, whereas thin films were obtained at high flow-rates
of oxygen carrier gas. In both environments WO; nano-
wires appear only after thermal annealing of the

as-deposited powders and films. Samples produced under

oxygen carrier gas in the laser pyrolysis system gave a
higher yield of WO, nano-wires after annealing than the
samples which were run under acetylene camier gas.
Alongside the targeted nano-wires, the acetylene-ran
samples showed trace amounts of multi-walled carbon
nano-tubes; such carbon nano-tubes are not seen in the
oxygen-processed WO; nano-wires. The solid—vapour-
solid (SVS) mechanism [B. Mwakikunga et al., J. Nanosci.
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Nanotechnol., 2008] was found to be the possible mecha-
nism that explains the manner of growth of the nano-wires.
This model, based on the theory from basic statistical
mechanics has herein been validated by length-diameter
data for the produced WO; nano-wires.

Keywords Laser pyrolysis - Tungsten trioxide -
Nano-wires - Growth mechanism

Introduction

Amongst many transition metal oxides, WO; has excellent
electro-chromic, gaso-chromatic and photo-chromatic
properties. At room temperature it adopts the distorted
monoclinic structure of ReO; [1]. For this reason, WO; has
been used to construct flat panel displays, photo-electro—
chromic ‘smart” windows [2-4], writing—reading-erasing
optical devices [5, 6], optical modulation devices [7, 8], gas
sensors and humidity and temperature sensors [9-11]. Self
assembly of these materials has been achieved by hydro-
thermal techniques, additive-free hydrothermal means,
templating either with a polymer or pre-assembled carbon
nano-tubes, epitaxial growth, sol-gel, electro-chemical
means and hot-wire CVD methods. Recently, W05 nano-
rods produced by a facile chemical route and CVD have
been reported [12, 13] in this journal. In laser pyrolysis,
authors have reported synthesis of, for instance, ceramics,
silicon and silicon compounds, carbon compounds, olefins,
chromium oxides, diamond, fullerenes and many other
classes of materials. These experiments have largely been
performed at high laser powers and hence at high tem-
peratures. At such high levels, where anharmonicity cannot
be ruled out, laser pyrolysis is equivalent to traditional
pyrolysis with the photo-thermal process overwhelming the
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photo-chemical one. However, it has long been realized
that even at low intensity, the CO, laser has successfully
been used in the synthesis of boron compounds from BCly
[14. 15]. At these low power values, the laser is used to
selectively excite the reactant to a relatively low vibra-
tional level from which a chemical reaction with other
reactants present is initiated. One expects to achieve
product formation distinctly different from that achieved
by traditional pyrolysis for the same chemical reaction
provided that the laser energy absorbed is channelled
mainly into the chemical process rather than into heating.

In this Letter, we report optimization of parameters that
led to the synthesis of WO; nano-spheres and thin films at
relatively low laser power (50 W in a 2.4-mm focal
region). We demonstrate the ole of thermal annealing in
the conversion of the spheres and slabs into nano-wires.
We also show the morphological differences and yields
when carmrier gases—C,H, or Oy —are used during the
synthesis.

Experimental

Owr laser pyrolysis experimental set up was fully described
in our previous publication [16]. Briefly. the method
involves injecting a stream of very fine droplets of a pre-
cursor solution into an infrared laser beam and depositing
the resulting acrosol onto a Coming glass substrate. A
wavelength tuneable continuous wave (cw) CO- laser was
used in the experiments (Edinburgh Instruments. model
PL6). By selecting a wavelength of 10.6 pm. the laser was

Fig. 1 Laser pyrolysis
illustration and the role of
carrier gas and precursor
relative Aow-rates (a) when the
precursor flow-rate is larger
than the encapsulating carrier
gas (Ar) and (b) when the
precursor flow-rate is smaller
than the flow-rate of Ar. The
precursor is driven either by
CsHs or Os. The particle
deposition in (a) has profile of a
hump. whereas the deposition in
(b} has a vacancy at the centre
as indicated on the substrates

within, but not exactly on, the absorption region of the pre-
made precursor (WClg in ethanol or tungsten ethoxide) for
the production of W0O,. From the fact that (1) the excitation
wavelength of 10.6 wm is not exactly at the main resonance
peak of the W-ethoxide precursor of 9.44 um and (2) the
laser power of 50 W (focussed into 2.4-mm beam diameter
at the waist) is not low enough to rule out anharmonic
effects in the excitation, the decomposition of this pre-
cursor could be due to both photochemical (resonance) and
photo-thermal (anharmonic) processes. The as-produced
materials showed decomposition of W-ethoxide into WO,
nano-particles suggesting that the photo-chemical process
indeed occurred. Also worth describing here is the carrier
gas system which is accomplished by a three-way nozzle
having three concentric cylinders. The outer cylinder is
connected to an argon supply. The argon guides the aerosol
droplets which are carried by either C;H; (supposedly non-
reactive) or O, (highly reactive) gases interchangeably in
the middle and second cylinder. This is illustrated in Fig. 1.

An aliguot of 5.4 mg of dark blue powder of WClg
(Aldrich 99.99%) was dissolved in 500 mL of ethanol.
Since WClg is highly reactive with air and moisture, its
dissolution was conducted in an argon atmosphere. Parti-
cles from this process were collected on Corning glass
substrates. placed on a rotating stage. al room temperature
and at atmospheric pressure. The particle deposition
showed a void at the centre (Fig. 1b) when the encapsu-
lating carrier gas flow-rate was higher than the carrier gas
driving the precursor droplets. When the flow-rates were
reversed, the deposition showed the profile of a hump
(Fig. 1a) showing there was more deposition at the centre

substrate
-
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Table 1 The experiment parameter used to obtain the WO5 samples by laser pyrolysis

Sample Precursor Gas 1 (8 cm*/min) Gas 2 (8 cm*/min) Gas 3 variable Nano-wire yield Morphology
Wi WClg; + Ethanol 0, Ar Ar High Slabs + Rods
w2 WClg + Ethanol CH, Ar Ar Low Sphere + Rod

of the substrate than in periphery. This was found to be in
agreement with Bernoulli’s theorem, which requires that
there should be reduced pressure in fast flowing fluids.
When the flow rate of the central gas is larger, the pressure
is lower in this region and hence the droplets and the
particles (after laser pyrolysis) are trapped in this low
pressure region. Therefore there is high deposition at the
centre of the substrate and vice versa. Table 1 lists the
experimental procedures employed. The so-obtained sam-
ples were further annealed in argon atmosphere at 500 °C
for 17 h. Morphology studies were carried out using a Jeol
JSM-5600 scanning electron microscopy (SEM) micro-
scope, which was also equipped for energy dispersive
X-oray spectroscopy (EDX). In order to avoid charging
effects during SEM analysis, the samples were made con-
ductive by carbon/AwPd coating. Infrared and Raman
spectroscopy experiments on the as-obtained WO; are
reported elsewhere [17]. Structural studies were done using
a Philips Xpert powder diffractometer equipped with a
CuKx wavelength of 0.154184 nm. The experimental
procedure showed good reproducibility of results.

Lengths and corresponding diameters of the nano-wires
were measured by means of a software package Image-
Tool. As is the required procedure, calibration is initially
made against the marker of known length in both the image
scale and the real space scale. Then the distance between
two points is measured for each point with accuracy that
heavily depends on (1) the pixel density of the projecting
screen, (2) the random errors from operator’s hand and (3)
the magnification of the image.

Results

Laser pyrolysis of tungsten-based precursors, with C;H, as
carrier gas, shows remarkable differences in morphology
from when O, is the carrier gas as shown in Figs. 2 and 3.
The C,H,-synthesized sample has a lower yield of WO,
nano-wires after annealing than the O,-synthesized one.
These nano-wires in O,-ran sample grow in the crevices of
the film. The C;Hz-ran sample has nano-wires with a
higher aspect ratio than the O,-ran samples. Also the C;H,-
ran sample shows the presence of spherical micro-particles
where as complete absence of these spheres is observed in
the O,-ran sample. This means that C,H, maintains the
spherical shape of the precursor droplets, which is clear

@ Springer

evidence that C;H, is only a sensitizer of the process but
does not participate in the decomposition of the precursor.
Also, in the presence of mngsten, C,H, dissociates and
forms carbon structures such as carbon nano-tubes. It was
shown that vanadium surfaces can be used as catalysts for
the growth of carbon nano-tubes [18] from C;H,. On the
other hand, O, actively participates in the breakdown of the
precursor droplets and in the process increases the yield of
the WO; nano-wires at the expense of aspect ratio of the
wires in general. The Oz-ran sample also has very brittle
thin films with cracks in a somewhat ordered manner. This
ordered cracking after annealing could be attributed to the
growth pressure (thermal stress) from the 1D nano-
structures.

The TEM micrograph of a typical wire grown from
Os-run WO, particles shown in Fig. 4b revealed a core-
shell structure (redrawn in Fig. 4c) with the WO, wire at
the core (EDS in Fig. 4a) and the carbon-Au-Pd composite
around the wire as a shell (EDS in Fig. 4e). C-Au-Pd is a
material used in the prior-to-SEM coating to improve
conduction for enhanced imaging. The shell is thicker on
one side than on the other; that is, the wire is not centred
through the C-Au-Pd wrapping. This shell served as a
contamination, which obscured the electron diffraction of
the wire so that the stoichiometry studies of the WO, nano-
wire could not be accomplished. In line with our previous
studies, we can speculate that the wire is WO, with x being
less than three due to oxygen loss during annealing even as
elaborated in chemical reactions of the type in Eq. 4.

In order to observe the growth of nano-wires, we soni-
cated a few spheres of WO, into iso-propanol and placed
them on carbon-holey Cu grid for in-situ annealing and
imaging in a Jeol CM200 transmission electron micro-
scope. A series of images, shown in Fig. 5, were taken
periodically of intervals of 45 min whilst heating at tem-
peratures ranging from 700 °C to 900 °C using a heating
device specially tailored for this microscope. The images
showed no indication of growth of one-dimensional
structures. This is attributed to the vacuum typical of TEM.
Any atoms that are sublimated from the spheres are
immediately removed by the high vacuum giving a very
small probability of condensing and growing into 1D nano-
structured geometry. However, the shrinking of the spheres
is an indication that the atoms are indeed evaporating from
the surface. However, not all sublimated atoms are
removed from their parent spheres; some return to make
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Fig. 2 Scanning electron
micrographs of WO nano-rods
grown under oxygen as a central
carrier gas and CyH, as the
secondary carrier gas showing a
thin film that has flaked up into
orderly slabs between which are
numerous nano-wires. Inset (a)
shows a close look at the nano-
wires in between the slabs. Inset
(h) zooms in onto the nano-wire
area and inset (¢) display one
nano-wire's end

Fig. 3 Scanning electron
micrographs of WOz nano-rods
erown under CsHs as a central
carrier gas and oxygen as the
secondary carrier gas. The
spherical droplets from the
precursor maintain their shape
until their deposition into micro-
particles. Inset (a) is a micro-
particle before annealing
showing the genesis of the
growth of a nano-wire. After
annealing there are numerous
nano-wires growing from and in
between the spheres. Dotted box
(h) shows a region where a
number of nano-wires are seen
sprouting from spheres

small mounds on the sphere surface making the sphere
rougher. The rate of sphere size reduction due to loss of
atoms is depicted in Fig. 5b. It is interesting to note that the
smaller sphere C shrank faster than the larger sphere B.
This means that wires grown from small spheres grow
faster than those that grow from large spheres.

For us to understand the novel growth of these nano-
wires, it is important to briefly review some related growth
mechanisms available in literature. Sir Frederick Frank

proposed the ‘screw dislocation theory” in 1949. Central to
this dislocation theory were Polanyi. Orowan, Taylor.
Burger and Mott & Nabarro [19]. Defects and dislocation
in the initial crystals initiate one-dimensional growth:
“...the crystal face always has exposed molecular terraces
on which growth can continue, and the need for fresh 2D
nucleation never arises...” [19]. In 1964, detailed studies
on the morphology and growth of silicon whiskers by
Wagner & Ellis [20] led to a new concept of crystal growth

@ Springer
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Tig. 4 TEM image of a WO nano-wires in (b) reveals that the wire
is a core with a shell of carbon, Au and Pd from prior-to-SEM coating
as confirmed by EDS in (a) and (e). Inset (¢) is an illustration of the
core-shell structure of the WO; nano-wire and C/AWP layer and (d)
is TEM image of carbon nanotubes found alongside the WOz nano-
wires

from vapour, which was called the vapour-liquid-solid
(VLS) mechanism. The new growth mechanism was built
around three important facts: (a) silicon whiskers did not
contain an axial screw dislocation (b) an impurity was
essential for whisker growth and (c) a small globule was
always present at the tip of the whisker during growth.
From fact (a), it was clear that growth from vapour did not
occur according to Frank's screw dislocation theory and
from, facts (b) and (c), it was important that a new growth
mechanism be studied.

In 1975, Givarzigozov [21] introduced the fundamental
aspects of the VLS mechanism. Emphasis was placed on
the dependence of the growth rate on the whisker diameter.
It was found that the growth rate decreased abruptly for
submicron diameters and vanished at some eritical diam-
eter d. < 0.1 pum in accordance with the Gibbs-Thomson
effect. Basing on this effect, which states that the solubility
limit of a precipitate (ff) in a matrix () varies with the
precipitate’s radius, Givarzigozov suggested that the

‘a Springer

effective difference between the chemical potential of the
precipitate in the vapour phase and in the terminal pre-
cipitate |whisker|, Ay, is given by

4Ae

Ap= Apy - (1)
Apg is the difference at a plane boundary (when
diameter, D, of the precipitate tends to oo), A is the
atomic volume of the precipitate and o is the surface free
energy of the precipitate. The dependence of growth rate. G,
on the super-saturation (Apky 1) given by V = b(AwikgD",
where b and n are coefficients to be evaluated from
experimental data, was used to derive an expression

Vil — %bllw _ﬁbunl
kgl kgT I3
The main characteristics of VLS mechanism are (1) the
presence of a catalyst and (2) direct proportionality of the
diameter of the nanostructure to the growth rate. Thick
whiskers grow longer than thinner ones because this
growth can be afforded by the continual supply of building
blocks in the CVD system. Plotting the growth rate. V. [21]
or terminal length /.. [22] of the whisker versus D gives
curves with a positive ascent. A plot of V¥ versus 1/D
gives a straight line graph with a negative slope [21].
Recently. an in situ growth profile in real time for
tungsten oxide nano-wires was followed by Kasuya et al.
(2008) [23] by injecting ultra-small flow-rates of O, on a
heated tungsten surface placed on a scanning electron
microscope stage. It was difficult to ascertain if the length-
and-diameter data would be in agreement with the VLS
mechanism because the images were rather poor. This was
due to the poor vacuum caused by the intentional injection
of O,. which was useful for the targeted reaction. The
length of the nano-wire as a function time /() was found to
take the form of

1) = bo[l — exp(—a)] (3)

where [y is the final length and « is the growth or decay
coefficient.

We however study the final state of the fully grown WO,
nanostructures. Our present length-diameter data for the
nano-wires could not agree with the above VLS theory for
two conflicting reasons: (1) no particular catalyst could be
identified with certainty (2) we found an inverse propor-
tionality between length and diameter of the nano-wires. It
was therefore important to study a new model to attempt to
explain the new findings. Since the production of solid-state
nano-wires is after annealing of the solid-state particles, the
mechanism of growth can neither be according to liquid-
based “Solution-Liquid-Solid” mechanism proposed by
Trenter and Buhro [24, 25] nor in line with the “Super-
Critical Fluid Synthesis” mechanism proposed by Holmes
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Fig. 5 In situ TEM annealing (a}
of WO, micro-spheres in
vacuum at 700-900 °C.
Micrographs were taken
periodically as shown in (a).
Note the variation of spheres A,
B and C and the enlargement of
space around these spheres as
time of annealing increases. The
variation of sphere diameter
with time for sphere B and C are
plotted in (b). Exponential
decay curves are fitted and show
that the smaller sphere C shrinks
faster than B
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[26] and which has been later supported by Korgel and co-
workers [27]. These data certainly support our newly pro-
posed “Solid-Vapour-Solid (SV 8)" mechanism reported in
our previous publication [ 28] where we reported solid-state
W 304e nano-tips produced by annealing solid-state WO,
nano-spheres (prepared by ultrasonic spray pyrolysis) in
argon environment. Synthesis of solid materials from solid
precursors is not new. Solid-state reactions are very slow and
difficult to carry out to completion unless carried out at very
high temperatures where reacting atoms can diffuse through
solid material to the reaction front more easily. Transfor-
mation of one phase to another (with the same chemical
composition) can also occur in solid state, either at elevated
temperatures or elevated pressures (or both). For the growth
rate of many solid-state reactions (including tamishing),
inter-diffusion of ions through the product layer increases the

thickness Ax parabolically with time (Ax)® = 1[29]. Thisisa
sharply different dependence from the Eq. 1 proposed by
Kasuya et al. [23] above. In some solid-state processes,
nucleation can be homogeneous. This is often the case for
thermal decomposition, for example, as is the case in the
current reactions

spheres/

WO; _SO0°C;  Vihy: Argon, WO, (nanowires)

slabs
+ 0, (4)

In this Letter. we introduce for the first time the statistical-
mechanical aspects of this proposed SVS model and fit the
ensuing mathematical expressions to the data.

For the sake of simplicity. we consider the source of
molecules to be a solid sphere of radius Ry, containing

) .
% Springer
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molecules of mass, M and assume the molecules to be
spherical of average molecular diameter, 2. We assume
further that in changing the morphology from a sphere to a
wire, only the surface molecules can migrate from the
sphere to the newly forming wire or rod. For instance it has
been demonstrated [30] that the surface diffusive flux, Jg of
atoms on a surface of a slab of length L given by Jg =
—(dc‘fdr)_[n"D(y)dy is different from the more familiar bulk
diffusive flux written from the first Fick’s law as Jp =
—Dg(dc/dx)L where de/dx is the concentration gradient. In
this case, transformation from sphere to rod takes place
layer after layer. The sphere shrinks but the as-forming rod
lengthens as illustrated in Fig. 6.

If the sphere is amorphous and the wire is crystalline as
normally observed experimentally, then the densities of the
material in the initial sphere and the final wire are different
and can be written, respectively, as pu, and peyq. The
number of atoms in the first layer of the sphere can
therefore be written as

N = 4R3O p“;“ (5)

M

If all these atoms assemble into a rod of diameter D and

length /; then the number of molecules in the rod can be
written in terms of length /; as

Nt = T 2y P (6)
4 M

However, not all the atoms in Eq. 5 end up making the
rod. The actual fraction that self-assembles into the rod is
proportional to the Boltzmann’s fraction, which depends on
the temperature 7" of the ambient given as

Nrod Ea
wor=eo(-15) )

E, is the activation energy of the atoms.

&
ﬂ Condensation B .
ﬁ Evaperation ﬂ
. & [

Ja': {

-

[y

=
— ———,

o
&

VA 7 SN |
©oto!

r=~Ry r:F!o-.Q f=Ro-2!2
t=t t=ts t=t; vt=th

Fig. 6 Proposed schematic of the solid-vapour-solid mechanism of
growth of 1D nano-structure from a spherical layer of atoms in a tip
growth

& Springer

After the first layer has assembled into the rod of length /.
the next layer in the sphere has a radius of Ry— Q which forms
the next segment of the rod of length L. The subsequent
layers have radii of Ry — 2Q. Ry — 3Q, Ry — 4Q. R, — 5Q
and so forth. The ith layer will have a radius of Ry—(i—1)Q
such that the number of atoms in the ith layer is

N = 4n QL Ry — (i - 1)) (8)

This corresponds to the number of atoms in the ith segment
of the rod of length /; given as

oy E, !
=162 exp( — =2 )[Ry — (i~ D (9)

ryst kgT D-

The total length of the wire is a summation of all the
segments of the wire emanating from each corresponding
layer in the source sphere.

N
o1
s=:.+sz+:3+...+:,=Z:,=gE (10)
where
v o ( L»\) v . 2
(=162 "¢exp| ——— Ry — (i —11Q 11
c=160e e (- pp) SR -G-vaF ()

Parameter ( is a function of temperature T and also
depends on the geometry of the source of the atoms. The
higher the annealing temperature, 7, the higher the slope, .
This fact may mean that thinner nano-wires can be
obtained at higher annealing temperatures. But there must
be a lower limit to how thinner the nano-wires can get in
the SVS mechanism since at much higher temperatures all
solid-state starting material should evaporate away leaving
nothing to form the nano-wires with. These limits are yet to
be determined. The same question has been asked if there
is a thermo-dynamical lower limit to the nano-wires growth
by VLS [31]. It can be seen that if the source is equally
crystalline then the ratio of the densities in the source to the
final structure is unity. By quick inspection, one can sce
that the geometry described by the summation in Eq. 11 is
proportional to the total surface area of all atomic or
molecular layers in the source. A plot of [ versus 1y
should be a positive straight line graph with a y-intercept of
zero and a slope of {. Similarly a plot of aspect ratios /D
versus 1/D7 is supposed to be a positive straight line going
through the origin and having the slope, (.

In the VLS mechanism, given a constant flux of mole-
cules in the source, a nano-wire that has a large diameter
will grow much longer compared to when it starts out with
a small diameter. In the SVS growth, the thinner the wire
the longer it is and vice versa as shown in the plots of
Fig. 7a. When aspect ratios, defined here as the ratio of
length to diameter, is plotted against diameter, the same
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Fig. 7 Scatter plots of (a) length of the nano-wire versus the
corresponding diameter (h) aspect ratio versus diameter

profile is obtained (Fig. 7b). When length and aspect ratio
are plotted against 1/D% and 1/D?, respectively, in accor-
dance with Eq. 10. positive slopes are manifested (Fig. 8)
almost equal to cach other as expected from the above
theory and of the order of ~ 10 * m?. This value is
related to the order of magnitude of the average volume of
the WOz nano-wires. It should be noted that reverse growth
from one-dimensional to spherical particles is also possible
at suitable annealing conditions. For instance. nano-belts of
Zn acetate were converted into aggregates of ZnO nano-
particles as reported in this journal [32].

Conclusion

In summary, liquid atomization and subsequent laser
pyrolysis were carried out using a €O, laser tuned at its
10Py; line of wavelength 10.6 um. SEM characterization
of the as-produced WO, samples showed that selective

D (m™)

Fig. 8 Scatter plots of (a) length versus 1/D* and (b) aspect ratio
(LAD) versus 1/0°, The linearized plots (a) and (h) have similar
slopes within experimental error as predicted by the current
theory [(6.22 & 277) » 1072 o' and (6.25 £ 0.831) x 10720 5,
respectively)]

photochemical reactions by the laser have a part to play in
initiating self assembly growth centres even without the
need for a catalyst. Self assembly is only continued by
further annealing. We have shown that oxygen carrier gas
gives a higher yield of WO; nano-wires by laser pyrolysis
than acetylene. The latter also shows trace amounts of
multi-walled carbon nano-mbes, The transmission electron
microscopy reveals that the nano-wires are core-shell
structures of a mixture of Au, Pd and C in the shell and
WO; at the core. The shell is due to the prior-to-SEM
coating to improve imaging. The absence of catalysts in
addition to the analysis of the nano-wire length-and-
diameter data has validated a new growth mechanism,
which we have called SVS growth as proposed carlier [28].
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Can universal conductance fluctuations (UCFs) be observed at temperatures
above room temperature at nanoscale?
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ASCSIR Mational Lazer Centre, PO Box 385, Pretoria, South Africa

We report conductance fluctuation in WO2 nano-ribbons of 10 nm thickness at moderate
temperatures. Synthesis of these nano-ribbons was reported elsewhere [1-4]. The fluctuations are
periodic at room temperature up to the YOZ2 transition temperature of 70 oC. These are surprising
results since dc currents are producing a.c. potential difference values in i-v characteristics of the
nanc-ribbons of V02 contrary to those of normal bulk materials. Three main theories were
considered in order to explain these findings (1} The LRC equivalent circuit theory (2) the Gunn effect
[5] and (3) the Universal Conductance Fluctuations theories [6-15]. The first two theories failed to
explain our experimental data. WWe have explained this anomalous behaviour by the third theory
which is a manifestation of the wave nature of electrons. The wave nature of electrons has been
demonstrated in many instances including the Mobel-prize—winning Davisson & Germer experiment
on electron diffraction. In electronic circuits, quantum interference in metallic wires [6-8], the so-
called ‘weak localization' [9,10] and universal conductance fluctuations (UCF) [11-13] are all
manifestations of this wave nature. Fluctuations originate from coherence effects for electronic wave—
functions and thus the phase—coherence length, If needs to be smaller than the momentum
relaxation length Im. UCF is more profound when electrical transport is in the weak localization

312



: | P View Presentation

@ O@ ) 2\ authorSTREAIVI

Video Content Length 15:08 Copyright ©2009 Mwakikunga et al

313



Appendix_A7

Applied Secience Innovations Pvt. Ltd.

Chapter X’
Thermo-chromism at Nanoscale

Bonex Wakufwa Mwakikunga'***, Elias Sideras-Haddad', Andrew Forbes*, Gift
Katumba®, Suprakas Sinha Ray’, Chris Arendse’

'School of Physics, University of the Witwatersrand, Private Bag 3, P. O. Wits 2050, Johannesburg,
South Africa

XCouncil for Scientific and Industrial Research, National Centre for Nano-Structured Materials, P. O. Box 395,
Pretoria. South Africa

3Deparment of Physics and Biochemical Sciences, University of Malawi, The Polytechnic, PB 303, Blantryre 0003,
Malawi

4Council for Scientific and Industrial Research. National Laser Centre, P. O. Box 393, Pretoria 0001, South Africa
Department of Physics, University of Western Cape, Cape Town, South Africa

Content :

1. Introduction:
2. Known thermo-chromic materials and VO, thermo-chromism
3. Hysteresis thermal profile of the VO, MIT
3.1 Khakhaev et al’s hysteresis profile
3.2 Hysteresis profile based on magnetic hysteresis
3.3 Pan et al’s hysteresis profile
4. Band Models for the System VO,
4.1 Goodeneough’s model
4.2 Paquet et al model
4.3 Vikhnin et al’s models
5. Thermochromism at nano-scale
5.1 Lopez’s hysteresis width broadening at nanoscale
5.2 Hysteresis width and stress
6. Brief review of VO, production efforts
6.1 VO, nano-ribbons by ultrasonic spray pyrolysis
6.2 VO, nanobelts from laser pyrolysis
. VO, thermochromism and applications
7.1 Coatings on windows for energy regulation and temperature control
7.2 VO, for ultrafast switching applications
8. Open questions on thermochromism
9. Conclusions
References

1. Introduction:

The colour of an object depends on the temperature of the object. This phenomenon is known as thermo-
chromic effect. It may be noticed even at room temperature if the temperature varies by a few centi-

" To appear in “Chromic Materials and their Applications” (Ed. Prakash R. Somani), Applied Science Innovations Pvt. Ltd, India
(2009)
" Author to whom all correspondence must be addressed: bmwakikunga@esir.co.za, Fax: 00 27 12 841 229
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grades. Red and orange objects are especially sensitive to temperature variation and colour measure-
ments are known to be difficult to perform from objects with such colours. In this section we define
thermo-chromism from basic materials optics. Simple formulas for the temperature-dependent optical
characteristics of the materials are outlined.

When light falls on a non-fluorescent material, it is well known that the sum of the incident reflected,
absorbed and transmitted energy is equal to the incident energy such that the following law holds

R(A)+A(A)+T(A)=1 (1.1)

Where R(A) is spectral reflectance, A(L) is spectral absorbance and T(L) is spectral transmittance. For
transmitting materials with finite absorption. we have the usual expression for the spectral intensity I(A)
of the transmitted signal given as

I(A) = I,(A)expl- u(1)7] (1.2)

where I;(A) is the intensity of the incoming light at the front surface, 7 is the thickness of the sample and
L(A) is the spectral absorption coefficient at a wavelength A. Definitely. L(A) is the main quantity respon-
sible for the thermal effect.

We also have the optical density, D. for a transmitting sample given as

D =-log(T(1))= —log(%} = u(A)rloge = % (1.3)

\

Here, the changes in the absorption co-efficient change the optical density, the absorbance and thus the
transmittance of the sample. In the case of a glossy opaque sample, T(A) is zero and the changes in the
absorbance directly change the reflectance. The reflected part is comparable to the transmitted part in
transmitting samples and the optical density can be calculated from

( I (4))
D=-log —— | (1.4)
(1,(4))

Where Iz(A) is the reflected intensity. On the other hand, the intensity falling upon some material attenu-
ates exponentially and. in the case of opaque materials, the light reflected from the material experiences
similar attenuation. Thus, Eq. 3 holds for the reflected light if T is the distance the reflected light has
passed in the material.

It can be seen therefore that all observed thermo-chromism as perceived by the transmitted and reflected

light that strikes the observer’s eye is really as a result of the absorption coefficient’s dependency on
wavelength.

2. Known thermo-chromic materials and VO, thermo-chromism :
Thermochromism is a macroscopic phenomenon that is based on microscopic electronic properties as a
material undergoes a transition between an insulator and a metal. Metal-insulator transitions (MIT) or
semiconductor-metal transitions (SMT) are accompanied by huge resistivity changes. even tens of orders

of magnitudes. Since electronic properties give rise to the observed optical properties, the MIT has also
been quantified by optical properties such as transmittance, absorbance and reflectivity introduced in the
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previous section. There are a number of materials that undergo MIT transitions and these are listed in
Table 1 adapted from Ref.l In order to understand this table, this section briefly introduces the underly-
ing physies of MIT and the terminologies used in this area of research.

The transition from metal to insulator has been an illusive subject. The first successful theoretical de-
scription of metals, insulators and the transition between them is based on non-interacting or weakly
interacting electron system. Electrons are classified in terms of levels where in insulators the valence
band is fully filled whereas the conduction band is empty. In metals the two band of energies overlap.
The Fermi level lies in the band gap insulators while the level is inside a band for metals.

In the past seventy years progress has been made from both theoretical and experimental sides in under-
standing correlated electrons and the MITs. In the theoretical approaches, N. F. Mott took the first impor-
tant step towards understanding how electron-electron correlations could explain the insulator state and
this is called the Mott insulator. For details of Mott’s work see Mott (1949, 1956, 1961, 1990) [2]. A
more difficult and challenging subject has been to describe and understand metallic phases near the Mott
msulator. In this regime fluctuations of spin. charge and orbital correlations are strong and sometimes
critically enhanced toward the MIT, if the transition is continuous or weakly first order. This has been
observed in vanadium oxide phases such as V,0;. To understand this mass enhancement, the earlier
pioneering work by J. Hubbard (Hubbard 1963, 1964a, 1964b) [3] known as the Hubbard approximation.
employing lattice fermion models, has been hailed. A class of materials that show these characteristics
are called Mott-Hubbard (MH) insulators. In the Hubbard model. interactions between electrons between
elements and between sites that are hosting these elements are characterized by spins and orbits. In d-
electron systems orbital degeneracy is an important and unavoidable source of complicated behaviour. In
transition metal oxides. another aspect of orbital degeneracy is the overlap or closeness of the ¢ band and
p band of ligand atoms which bridge these elements. When the closeness gets to some critical value. the
interaction changes from one of MH insulator to one called the charge transfer (CT) insulator. This kind
of insulator was clarified by Zaanen. Sawatzky and Allen in 1985 [4]. In the Hubbard model. there are
two important variables: the electron correlation strength U/t and the band filling n. When plotted one
against the other a very interesting phase diagram is obtained. At low integer band filling numbers (n =
1). one gets predominantly Mott insulator phases and in this regime, when the electron correlation
strength is low. the transition to metallic phase is governed by what is called bandwidth control (BC)
process or BC-MIT. Otherwise, when n is non-integer and the electron correlation strength is large. one
gets a metallic phase near the #» = 1 insulating anti-ferromagnetic (AF) phase derived by a process called
filling control (FC). The structure of the electron spins in metals close to the MIT can either be paramag-
netic (P), ferri-magnetic (Ferri). fluctuating and displaying what is called a spin density wave (SDW)
and/or superconducting (SC). Each material also shows a unique Neel temperature: the temperature at
which an anti-ferromagnetic material becomes paramagnetic synonymous to the Curie temperature at
which a ferromagnetic material becomes paramagnetic.

It is a fact that the understanding of the MIT is still an experimental and theoretical point of contention
with new experimental findings proving and disproving some previous theoretical approaches. For a
fuller review on the MIT transition, the reader is referred to Imada et al [1]. Table 1, adapted from Imada

et al. lists some of the materials that have shown MIT behaviours of different types as indicated in the
above discussion and in the Table’s legend.
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Table 1. List of some of the materials that show MIT behaviours

Compound

VO,
V,0;,

NiS,_Se,

RNiO,

NiS, . Se,

Ca 1-.\’81‘.\’\? 03
Lal_xsl‘xTi03
Lﬂg_xSl‘x\'YO;
La,,Ce,CuO,
Nd,_,Ce,CuO,
YBa,Cu;04,

Big SrgCa 1__\»RJ-C11203+5
La;,SrCu0s;s

Sl'l;;__‘-c ﬁxc‘l'lzq,O;;‘lBa\f?S_:
BaVs;

F8304

La,,Sr,.FeO;

Lﬂg_xSl‘xNi04_1-

La;,Sri+MnOy
La,,Sr,MnO;

Lay 5,811+, Mn;0;
FeSi

TigOg

LaCoO;

La; 17.A:VSs17

Mott insulator

Type

d' (MH)
4 (MH)

d* (CT). =1
d’(CT).5=12
d®(CT)

S=1

d' MH S=112
d* MH s=1
F(CT).S=112
&°(CT),S=112
d°(CT).S=112
d°(CT).S=112
&°(CT),S=112
d°(CT),S=112
d'(MH)S=112
. S=250
d*(CT),S=512

d4(CT)

d*(CT).5=2
d*(CT).5=2
d*(CT),S5=2

d'(MH),S=2
d5CT.S=012
d*(MH)

Spin order

gap
(AF)

(AF)
(AF)
(AF)

(AF)
(AF)
(AF)
(AF)
(AF)

(AF)
gap

(AF)
Ferri
(AF)

(AF)

(AF)
(AF)

Néel

tempera-
ture (K)

180

40-80
130-240
260, x=0
140
~150
300
~240
400

*

110

-35

740 x=0
134 x=1
~500

x=y=0

120
140

MIT

Transition
temperature(K)

T. 340
(FC) (BC)

T.BC

T.BC

260 at x=0

FC. x=0.05

FC, xc=0.2
FC.x.~0.05-0.06
FCuax.~0.14
FC.y.-0.6

FC.x,=0.15
FCx=13.5
T, 74

T, 121

FC, T at TCO

FC.x.~0.7-0.8

FC.x,~0.17
FC.x,~0.3

T, 300
FC.T.400-600
T, 500
FC.x,~0.35.T.28
0

Metal near
MIT
Spin order

P. Ferri

P (x<0.7)
FC(x=1)

P

Anti-ferromagnetic order (AF), Filling control (FC) & Bandwidth control (BC), charge-transter type (CT), accom-
panied by a change of structural symmetry (ACSM), Spin (8), critical concentration for MIT (x.), Paramagnetic (P),
Spin density wave (SDW), superconducting (SC).

One notes that there are two materials whose MIT temperatures are in the neighbourhood of room tem-
perature: FeSi (300 K) and VO, (340 K). Both of these systems display transition between metal and
non-magnetic insulators. FeSi is semiconducting below 300K and weakly metallic above it. This means
that the switching efficiency is not very high. Due to the switching efficiency, tuneability of its transition

temperature, production feasibility and aesthetic beauty, this chapter concentrates on VO,.
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Table 2 Lattice parameters for the polymorphs of VO

VO, phase + space group + a(A) b(A) c(Ad) « B ¥ T, (K) Ref
spontaneous values of the
order parameters, 7J.

VO, (R) rutile , P4,/mnm 4.554 4.554 2.854 90 90 90 =340 [8]

VO, (M1) monoclinicl, P2y/c  12.09  3.702 6.433 90 122 920 300 [8.,107]

Mm=x1=0

VO; (M2) monoclinic2, B2/m  12.09  3.702 6.433 90 122 90 300 [8.109]

Mm=0m=z0orm=01m=

0

VO, (A) 8.4403 8.4403 7.666 90 90 90 435 [107-
109]

VO2 (B) 12.03  3.693 6.42 90 106 90 300 [107-
109]

VO2 (T) triclinic - - - - - - - [20]

1 #0100 = 17

A number of transition-metal oxides exhibit insulator - (or semiconductor-) to-metal transition [5, 6].
The three main groups among the vanadium oxides are V,0,,; (e.g. V,0;. V043 [424]), V05, (e.2.
V105, V05 [7] and V307 [7.8]). Vo0, (e.g. VO) and V,0,,. Among these. VO, is the most interesting
because its transition temperature is close to room temperature (7, ~ 340 K), and it displays a ~ 10° de-
crease in resistivity as well as a large change in transparency in the infrared region. VO, belongs to the
V405, class and it 1s known to exist in four polymorphs — VO,(R), VO, (M), VO, (A), VO, (B) — given
in Table 2 (a) the most stable VO, rutile VO,(R) (b) the meta-stable VO,(M) with a slightly distorted
rutile structure (c) a tetragonal VO, (A) and (d) the meta-stable VO,(B) with a monoclinic structure.

Thermo-chromism of VO3 is attributed largely to structural change [9]. Characteristics of this change
mclude the formation of cation — cation pairs and the displacement of vanadium from the centre of its
interstice in the monoclinic phase- a feature characteristic of an anti-ferroelectric-type distortion. The
actual values of the transition temperature and its sharpness [10] and the lack thereof, have previously
been related to variations in stoichiometry [11], mis-orientation between grains [12], and other morpho-
logical faults [13] only in a qualitative fashion.

3. Hysteresis thermal profile of the VO, MIT :

When a particular VO, material property— electronic. morphological, structural and optical e.t.c. — is
measured at varying temperature during the heating-up and cooling-down cycles a hysteresis step is
observed. The hysteresis profiles may show an inverse relationship with temperature such as one for
resistance (€2) and optical transmittance (%T): it may also show the opposite effect such as for conduc-
tance, reflectance. The mirror effect between resistance and conductance is as a result of their basic defi-
nition- that is conductance S is equal to the inverse of resistance. Similarly, for the mirror effect of the
transmittance and reflectance hystereses. Eq. 1.1 explains the fact that. for same optical absorption, re-
flectance is inversely related to transmittance. It is interesting to note that roughness increases as tem-
perature is increased and also displays a sharp jump at the transition temperature [23]. Recently, Lopez et
al [39] used another property. scattering intensity, to study the VO, MIT. The hysteresis profile of scat-
tering intensity shows very unique changes revealing non-linear absorption characteristics in VO,. Some
of the properties with varying temperature are illustrated in Fig. 3.1
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Fig 3.1 Variation of VO, properties with temperature close to its MIT: Resistance and conductance (a).
Transmittance and Reflectance (b), Roughness (c) and Scattering intensity (d)

3.1 Khakhaev et al’s hysteresis profile :

In order to construct the distribution function of the coercive temperatures, Khakhaev et al [13] consid-
ered the hysteresis loops of the reflectivity (R) and introduced some definitions: (1) the lowering of the
tempera ture was taken as the forward direction of temperature variation so that the corresponding transi-
tion takes place from a more symmetrical phase to a less symmetrical one: (2) the branch of the hystere-
sis corresponding to the cooling (heating) of the sample was called the forward (reverse) branch: (3) the
forward and reverse branches of the principal hysteresis loop are bound by the hysteresis existence re-
gion in the RXT plane: (4) there are partial hysteresis loops and these lie with the hysteresis region in one
way or another; (5) the maximum temperature at which the hysteresis exists 1s was the starting tempera-
ture, Ty, of the principal loop (6) the final temperature, Tg,. of the principal loop is the minimum tem-
perature of the existence of the hysteresis and (7) large partial loops were partial loops for which the
starting temperature T, was one of the branches of the principal loop and the final temperature, Tz was
equal to T, or T, Thus their reflectivity-temperature hysteresis loop showed the principal hysteresis
loop and a family of large partial loops whose starting temperatures lie on the direct branch of the princi-
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pal loop. Their distribution function was constructed in accordance with T. Lanskaya et al (1978) [14] as
the second derivative of the reflectivity R(T..T):

2 9°R(T,.T)

FII,.T,)= 3.1.1
(7. L) AR, 0T,0T GLD

where

T, = TS;T and 7, =¥ (3.1.2)

T is the current temperature and T, is the starting temperature of the partial loop. In order to obtain a
smooth second derivative, it was necessary to have a sufficiently large number of partial hysteresis loops
so that an interpolation algorithm was required for their construction. Using least squares, Khakhaev et al
found a class of functions that described the branches of the main hysteresis loop and the branches of the
large partial loops in the same manner. The functions had the form:

BIT, D(T,
R(T.T.)= AT, )+ ( ‘)+ _ z) : (3.1.3)
T - I—;H (TS ) ]
I+exp ———F—|
. AT(T) )
where
g)1
AT )=a,+++ (3.14)
I
o
10 o
’:_s‘ -
s T
XKoo [
,E' -
5 B
D_ -
<] B
oo
1w =
_I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 I':
210 320 330 340 350
Temperature (K)
Fig 3.2 Major and minor loops in the resistance hysteresis of VO3
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)=a3+b—3+ /(13 \;Zn(ﬂ)=a4+i+ : (3.1.5)
t

_ 75 ml

AT

&
5

I1+exp

IE J \ 4
2
_as+e I +eT,

- ) (3.1.6)
1407, +d.I;

AT(T,)

Here 4. B, D, T, and AT depend only on T, and all the quantities whose designations begin with lower-
case letters are constant coefficients.

A typical plot of Eq. 3.1.3 is illustrated in Fig. 3.2

3.2 Hysteresis profile based on magnetic hysteresis :

There exist various physical and mathematical models to describe hysteretic phenomena. Some of these
models are derived from magnetic hysteresis like the Preisach model [15] and the Jiles model [16]. These
explain the magnetization in terms of the movement of magnetic domain walls. de Almeda et al [17]
have noted that due to its mathematical generality, the Preisach model is very widely accepted as a suit-
able tool to formally describe hysteresis phenomena. In this section. in agreement with de Almeda et al .
we show how the Preisach model can be adapted to describe thermal (rather than magnetic) hysteresis in
VO, thin films.

Yus(T) @@ a7 ()

&
¥

pm -+

Heating
AT T, T axis

Fig 3.3 Graphical representation of the relay operator for VO; (a) in the simple bistable operator (b) the
operator which exhibits reversible and irreversible components and (c) the Preisach triangle
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The original classic Preisach model was proposed in 1935. The model was conceived on an intuitive
basis and is based on some plausible hypothesis about the magnetization mechanism. During the 1970°s
M. Kransnoselskii [17] showed that the Preisach model was quite general and it is possible to adapt it to
hysteresis phenomena other than magnetic. Khakhaev et al in previous section have presented experi-
mental evidence that the VO, film is composed of microcrystals that exhibit individually very sharp
hysteresis transitions. The overall film characteristics are therefore associated with the existence of an
ensemble of either metallic or semi-conduting microcrystals of VO..

The classical Preisach model for VO, starts by describing the film properties (electronic, optical etc) as a

sum of a simple relay operator )qrp representing microcrystal states weighted by a statistical distribution
W(T,.Tp) and resistance of the film as a function of time is given by

R(r)= [[ 777, T()ulT, T, T, dT, 3.2.1)

ABC

The simple bistable operator, as illustrated in Fig. 3.3 (a), is given as

J’i T<T,
Vrr, =qunchanged T,<T<T, (3.2.2)
0 T=2T,

In a more realistic case, each microcrystal behaves as an intrinsic semiconductor when T is lower than
Ta and hence, as illustrated in Fig. 3.3(b), the relay operator changed to

. _ .
P exp[ g T<T
’ S kBT A /
Vi1, = unchanged T,<T<T, (3.2.3)
P Tz Tﬁ

When cooling axis values are plotted against the heating axis ones an interesting graphical feature called
the Preisach triangle ABC is obtained. This is illustrated in Fig. 3.11.1 (c¢). This essentially 1s a simplified
graphical representation of Eq. 3.11.1. This right triangle is associated only with the hysteretic portion of
the RxT characteristics lying between 20°C and 80°C. In other words the distribution u(T.Tpg) is as-
sumed to be zero outside the triangle ABC. This triangle can be divided into two parts: S and M repre-
senting the region where the operators are in state 1 and O respectively. The surface areas of these re-
gions depend on the history of the thermal cycling.

Since the simple bistable operator has been shown to lead to an R(T) profile which does not very well at
low temperatures of the hysteresis, this chapter will concentrate on using only Eq. 3.2.3 to transform Eq.
3.2.1 into a more tractable form. First it assumed that the operator )44 can take on two distinct forms of
temperature dependence, and these functional dependencies have neither statistical relation with the

distribution p(T.Tp) nor with the variables T, and Tp. Thus the integral in Eq. 3.2.1 can be written as
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-

P =P, exp

E, )
= J|[[ T, T, 4T, dT, +p,, [[ulT,. T, T, dT, (3.2.4)
\ihes s M

The other assumption is that the distribution function p(T . T) over the whole Preisach triangle is unity,
that is

,[,[z”(fa-fﬁ)"'radfﬁ =1 (3.2.5)

S+M

Thus the integral of the distribution function U(T,. Tp) over the surface area S is defined as the volume
fraction v of the microcrystals that are in the semiconducting state, thus:

[[ulr,.1,)a1,d1, =1-[[ (1, T, T 4T, (3.2.6)
) M

or

v=1-(1-v) (3.2.7)

Consequently, the integral of the distribution function W(T,,Tp) over the area M is the fraction (1-v) of
the micro-crystals that are in the metallic state.

From the above considerations and the geometrical interpretations of the Preisach triangle, the integral in
Eq. 3.2.1 simplifies to

(E
—— +p,(l-v
\;(BTJ‘/ pm( 1’) (

For a thin slab of length 1, width w and thickness T. Rg=pp// w7 and Ry=pu//wz then the slab resistance
can be represented as

[F%)

P =P, exXp 2.8)

s ™

R =R, exp +({1-v)R, =vR, +(1-v)R (3.2.9)

m m

AN S
In the case of bulk VO,, the resistance of the semiconducting phase is much higher than that of the me-
tallic phase R;>>R, and hence the Eq. 3.11.9 reduces to

3
[[ 4T, T, WT,dT, + R, =R, +R, (3.2.10)

45

s E

R(T)= R, exp| —©
’ kyT

VB
The task is to determine the p(T,.Tg). A procedure by Mayergoyz [15] employs the experimental first
order descending transition (FODT) curves. The reader can find details of an illustration of how this is
accomplished in de Almeida’s work [17]. It must be mentioned that, as much as the hysteresis nature is
dictated by the particle size and size distribution in the sample, then u(T,.Tp) also has to be particle size

dependent. The profile of the R(T) can easily be seen to follow that of the observed experimental results
as illustrated in Fig 3.4
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Fig 3.4 Comparison between de Almeda model simulation and the experimental results for (a) the bistable
operator and (b) two-phase operator

3.3 Pan et al’s hysteresis profile :

Pan et al [18], using Raman spectroscopy of VO, noted that some phonons that are present in the low-
temperature monoclinic structure of VO, are not present in the high-temperature tetragonal structure.
Since the existence of a phonon is either yes or no before and after the phase transition, Pan et al gave the
following delta function:

[l (T<I)
lo (r>1)

Where 8 indicates the existence or not of a certain phonon mode in a crystal grain with either semicon-
ductor or metallic phase, 7, is the equilibrium phase transition temperature.

or-1)= (3.3.1)

Pan et al also considered the effect of the spread in the grain size on the hysteresis loop during the transi-
tion process. It was assumed that each grain had its own hysteresis loop and that each elementary loop
was located normally to the temperature axis. Pan et al were able to develop expressions for the intensity
of the Raman mode as a function of the temperature by using the delta function above and performing
integration of all the loops of grains whose size distribution was assumed to be Gaussian distribution.
However, no direct dependency of the HW and HI on the particle size was shown. We observe that.
while it is true that grain size has a distribution which is assumed to be Gaussian, it is the temperature
which leads to a force of change. The Gaussian is expressed to take into account the independent variable
T (expressed as thermal energy kgT) and strain energy (expressed as Gz V- where Og 15 the strain energy
per unit area at transition and V is the volume of the grain where the thermal energy is expended). So
during the heating up cycle, the number N, of grains that transform from monoclinic phase to tetragonal
phase is given as

|0 c0o>T>T,

,>T>0
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Similarly, during the cooling down cycle, the number of crystallites V. that transform from tetragonal
back to monoclinic is

0 T,>T>0
N_ = T-T

]A_exp —af[(i' >I>T,

The dependent variable value (transmittance, intensity of the Raman phonon mode or the resistivity) can
be found by using the delta function in Eq. 3.3.1 and the number of crystallites that give rise to the ob-
served property, thus:

T
I, =1-C, jf\':df (3.3.4)

u

I

T
_=C_ JN_dT (3.3.5)
—ca
We have been able to calculate the HW as a difference between T, and T, in Eqs. 3.3.2 and 3.3.3. We
find that HW increases as the particle size increases- a fact that opposes experimental observations by
ourselves and several others. Also. the limits of integration are not physical. For instance, there is no
such thing as negative temperature on the Kelvin scale and lowest on the Celsius is -273°C and not -co.
The current improvement of this model and its application to the derivation of hysteresis widths are pre-
sented in Section 5

4. Band Models for the System VO, :

4.1 Goodeneough’s model :

Between 1971 and 1973 J. B. Goodenough [19] proposed an electronic band structure for VO, as a
merger of the separate electronic band configurations of V* anion and the O cation. These band struc-
tures were analyzed in both the room-temperature monoclinic phase and the high temperature tetragonal
phase of VO,. In vanadium oxides, the Fermi energy E; falls above the top of the 0% 2p band and below
the vanadium 4s band. In the monoclinic phase, the V-V pairing splits the narrow d| band in two possibly
due to electron correlations. The semiconducting character of the monoclinic phase requires that the w#
bands be raised above the Er and that the formation of V-V pairs stabilize V-V homo-polar orbitals be-
low the Eg level as shown in Fig. 4.1 (a). As a result, an energy band gap E; of ~ 0.7 e/ can be seen at
room temperature.

At higher than 70°C, bulk VO, shows contrary electronic ordering. Orthorhombic crystalline field splits

the d' energies at the V* jons into two unstable o-bonding orbitals, two quasi-degenreate m-bonding
orbitals and a stable orbital oriented along the ¢, of the tetragonal cell. A critical vyt separation of
R_=12.94 A has been estimated for the transition from mobile to localized behaviour of the 34" band in
oxides containing a V* - ion sub-array. Therefore, the 34 orbitals parallel to the ¢y, axis should form a
narrow d| band in tetragonal VO, as in Fig 4.1 (b). Transition metal oxides with perovskite structure are
known fo possess covalent mixing between oxygen 2p, both p, and pg. and the V**-ion 3d orbital a phe-

125

© Applied Science Innovations Pvt. Ltd. 2009

325



Applied Science Innovations Pvt. Ltd.

nomenon which is strong enough to create itinerant-electron d-like orbitals. Therefore, the two o-
bonding d-orbitals per V*"-ion form unstable ¢* bands and the two m-bonding d orbitals form quasi-
degenerate 7* bands via V¥ 0" — V*' interactions. Observations of a nearly isotropic conductivity in
single crystal VO; was interpreted to indicate that the m* bands overlap the Fermi energy Er as shown in
Fig. 4.1 (b). In nano-VO,, however, this picture is expected to be different since the ratio of surface at-
oms to those of bulk VO, is much higher at this scale. These nano-scale phenomena are discussed in the
forthcoming sections of this chapter

v VO, 0,
4p—"116] .
ap— 2] |
(8]
3d, —
(8] (4]
[21t] (1) 3d,. -~
I EF I [4] Tk EF
] 3d——H
Eg~07eV
T e [2]9,
E E~ 258
4] S Ex
[€] :
. 2p,
[4]
.=
(a) (b)

Fig 4.1 Changes in electronic configurations of VO: on passing from (a) the monoclinic to (b) the tetrago-
nal phases. Note the changes in the d bands where and energy gap of 0.7eV disappears as the " and
the d overlap at high temperature.

4.2 Paquet et al model :

Paquet and Leroux-Hugon [20] presented a model of the VO, phase transition which incorporated both
the electron-electron and electron-lattice interactions and this accounted for the presence of two d bands
(m# and d|) overlapping at the Fermi level of the metallic phase. Attention was paid to the crystallo-

graphic symmetry change at the transition and to the properties of the associated order parameter. The e-
e interactions were explained by using the functional-integral treatment of the Hubbard Hamiltonian
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whereas the e-phonon interactions were treated by choosing the centre-of-gravity and the shape of the d-
bands so that they depended on the lattice distortion. Spin-spin interactions were described in terms of
the Ising-like model. These treatments lead to a free energy expression which when minimized with
respect to the order parameter (1) and the local magnetic moment (|) gave the temperature dependency
of these parameters.

The following discussion is a brief outline of this treatment. The Hubbard Hamiltonian for the e-e inter-
action is given by

H=H, +H,.+H,,+H,, (4.2.1)
where
IIJ ()
S f‘? )+ f io (4.2.2)
+L=<JJ + I +[*_-'}ajﬁ(»=fj (4.2.3)
i
=12
T V5 + + +
.ra,g s',n' a;,p’ a.n‘g;v n_-',a' (4.2.4)
i,j.k.10
frﬁ,y,ﬂ'

where 7, J, k, [ are site indices and a. ff. ¥, 0 label both orbital and spin states of the d- wave functions and
€. €» and f;; are distortion dependent energies in the d|. d- and f bands respectively. Wheni = =k =/
the case for one site and if n;(c) = ni_(a]ni(u) which is a case where spin and charge fluctuations are as-
sumed non-existent, one then get for the electron-electron interaction Hamiltonian as

[th’ av'rL '+ U, (HT nl"JrnT ”i )+H**(n Jrﬂl Xn Jrnl ) w2

7 (5, () C1) o, (52)
+W. (??T +??¢XIIIT +n, 7 +ny +”¢ )

where U, and U. are the specific Hubbard terms describing the Coulomb interation of two electrons of
like orbits and opposite spins and = and % account for the electrons of unlike orbitals and finally

H, =Cn*+Dn’ (42.6)

lattice

The Hy,; describes the bare potential energy associated with the normal phonon mode which is the order
larr E

parameter of the transition, but does not encompass the changes in the other phonon modes which ac-

company the change of the electronic spectrum.

Several decoupling procedures and approximations are necessary for one to surmount the VO, MIT
problem with the above four components of the total Hamiltonian. These include neglecting spin and

charge fluctuations. However, the free energy of the VO, MIT can be estimated from this treatment and
which comes into three components as

F=F,+F  +F, (4.2.7)

ol spin
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where

oo

(T mu)=E, ~1,T | [0 (E.n. 1)+ p" (E.p,p0)|x inl1+ &2 ~2) \iE + AE,, (T, 1)

—oa

(4.2.8)
with p being the density of states dependent on energy E. distortion 77 and local magnetic moment 4.
AE, is further given by

' , 2
1Uu* - 7[} +iU. -W. }(n:TJ fnﬂ’\‘ - N |
AE,, E \ / ’ ] | (4.2.9)

+(w, ~1U. 1w, M”:TJ -n) ) ]

2
[“+-1—f -1y U? +4¢] _1y —iy
F,(T.n, 1) = =Lk, Tln| Acosh 2L UIREELP o) 1) Mt L
' kyT kg T
\ )
(4.2.10)

Flan 15 reduced to the potential energy of the H,,., — the anti-ferromagnetic exchange interaction given as

H,_, = E Ju'eeE, (4.2.11)

[
where J;; is the magnetic coupling between spins. That is

Frow = H ¥, (4.2.12)

where 1 is the wave-function system of spins

In order to visualize the free energy. F(T, 1 ), surface the following parameters are first determined or
sought from prevailing literature: A (17 =0) = 0.55 eV, Ay =0.89 eV, Qy =056V U;=1.1eV.U.=
0.55 eV, Ep~ A= 0.44 eV, A((17 = 0) + Au+ Quy =2 eV, Wy = 0.61 eV, Wee = 0.49 eV, C=17.3 eVA> D
=260 eV.A™.

The most important feature of this model for the purposes of this discussion is the prediction of the VO,
transition temperatures (1) at 7. = 340 K when the calculated order parameter, 1 is plotted against the

temperature T and (2) at T, ~ 800 K when the magnetic moment [ is plotted against temperature as
shown in Fig. 4.2

It must be noted that this model agrees very well with the usual Landau expansion of the free energy in
terms of the variational parameters 1 and 1). The simplest expansion is given as

1 1 1 0t 1 6 L g2, 2 .
F= (T T, )y +1 by +4 m} =Lpn+imt —Lanu (4.2.13)
Where the co-efficients @, b, &, f yand g are positive and temperature independent and where T, is the
temperature at which local moments appear (7, ~ 800 K). At this temperature the transition is second

order and corresponds to the building up of the local magnetic moment amplitude & in an undistorted
phase (77=0). The other one, occurring at a lower temperature,
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=T, —%%ﬂ\ o) | —[ﬂ +g7:]4 (4.2.14)

is a first-order one and describes the onset of a finite distortion /7 together with a jump of

S :
- : i 'j 1.0
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Fig. 4.2 Temperature variation of the amplitudes of the distortion n and of the local magnetic moment p
plotted from Eq. 4.2.7 in comparison with 4.2.13

4.3 Vikhnin et al’s models :

Although in the previous sections we have shown that, according to Imada and Fujimori’s review paper
[1]. VO, is a Mott-Hubbard insulator, Vikhnin et al (2005) [21] developed a phenomenological model
for the VO, SMT by assuming that the SMT is governed by charge transfer (CT) mechanism instead.
Vikhnin et al motivated the importance of their theory after noting that, from experimental Raman spec-
troscopy data around the VO, SMT. the SMT has a smooth temperature dependency which is an indica-
tion that vibrational instability as the driving force of the SMT cannot be satisfactory. The charge trans-
fer mechanism has two competing phenomena- (1) the negative dielectric parameter € due to Coulomb
repulsion between electron density (at the oxygen sites) and hole density (at the vanadium site) leading to
electron-hole pair instability and (2) the electron-hole pair (exciton) “negative U™ effect due to the exci-
ton’s interactions with the lattice leading to attraction and electron-hole stability charge transfer. This
Coulombic repulsion is derived from a dielectric constant function which takes into account the interac-
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tion between the carriers and their subsequent interactions with the ionic lattice given by the following
expression

elw)=¢_ +0e__ (w)+e_ (T, o) (4.3.1)

Where

o€, (a)) = —L (4.3.2)
@ — @

c

Where @, is the plasma frequency, and @ is the collision frequency and

de, (0,T)= Z€ (w)+ e, (w,T) (4.3.3)

The dg,p(0.T) term is characterized by the temperature dependent frequency of possible soft phonon
mode within the SMT region given by

o, =w, +W T (4.3.4)

Where 0y op = 145 em? for VO, and W, is constant in the temperature — Raman shift linear part of the
SMT as also given in the phenomenological equation for the dielectric constant

w
e=-C_ n +B ———=T (4.3.5)

“carrier” @ a
w

0 zoft
The reader can verify that this first process leads to a temperature—dependent free energy given by

1
n,—B +BT

P
aCol.'w'omb (T) = ” (-\

-0 carier

(4.3.6)

Where e is the electronic charge, 7y g 1s the O-V nearest neighbour distance, C_,;,, 15 the #, is the carrier
density

The second process which is seen to compete with the Coulomb repulsion above is the excitonic attrac-
tion between the electron — hole pairs existing between the V4+ and O2- ions. The interaction between
the electron-hole pairs 1s pseudo — Jahn —Teller type of interaction whose Hamiltonian for the splitting
Ah at the hole site and Ae at the electron site is given as

. . - ~ n K, ) A A, 4

7| X 7| =z 3z 2 2 al ;=

Hp(r;’r',PJT = T + 1:}5 [O-x Q Vo + O-\' Q}-: ]+ I e [O-x Q':- +O_x Q.\': ]+? (Qx: + Q}'_-' )+%O-: +7?O-:
(4.3.7)

Where T is the kinetic energy operator, Ve, Vu, are vibronic parameters, 6.9, G- are non-diagonal and

diagonal Pauli matricies for holes, 6, G: are non-diagonal and diagonal matrices for electrons and

Qxz and Qyz are lattice variables. By operating this Hamiltonian on the wave function of the exci-
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tonic system one get, in the limit of strong vibronic interaction, the potential of the problem given
by

X a4y (a4 K/,
vz =il 5 | Hez )| 5 | +lez +ei)+SHer v o)
\ e \ Ve
(4.3.8)
This solution of such a problem leads to an equation
V| K V|/K
| - +— — =1 (4.3.9)
(a4, Y ) (a4 Y
| i 2 2 2 2
|5 | +loz+0k) 5| +0z+0;)
\ \2V, ) \ e )
One of the approximations of this problem is that
, L2 , )
AFr \ Ae )
| == (4.3.10)
\21,.!'1 } \21’9/
Therefore from the PJT pair potential equation one finds that
. (W) 14, ) (4 ‘fl
0> +07 )~ [ Bt ‘ __.»[_f‘s B e T (43.11)
\ Q_ iy | - r ra
| 2K 21.\2% .\2IQ'JJ

Note that there is an additional requirement as a criterion of the electron-hole pair in the PJT effect
whose form is

W+l 1J( 4, Y\ ( 4, V|
‘ -2 _ | (4.3.12)
2|\ 7. )

2K

\

Substitution of Eq. 4.3.11 into Eq. 4.3.8 and also taking into account the approximation in Eq. 4.3.10
leads to the following:

rPiT-pair _ (2
U (761 ) (4.3.13)
This means that we can write the total free energy of Eq. 4.3.6 as

e’ 1
+ (43.14)
o Cramig, =By + BT

“carrier

=-4

aneg—b" Couloms (T ) - neg U
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At a critical temperature for the soft mode condensation T = Tcr one has the free energy for electron-
hole pair interaction equal to zero or o(T¢r) = 0: therefore this critical temperature is derived from Eq.
4.3.14 as

C -B,—4

car '}'re} 8 Heg— u

Ty
Ter = =0 (4.3.15)

The other characteristic temperatures of the VO, MIT are obtained by the usual Landau expansion of the
free energy as introduced in the previous section. Some changes are introduced in this treatment. how-
ever. in that the local magnetic moment variable, /& is replaced with the so-called charge transfer order
parameter ¢ and the distortion 7 is re-defined as the ion displacement. Hence the Eq. 4.2.13 transforms to

F=1alT-T.,)g" ++bq’ +iam’ +1pn* +im' +ign’q’ +- (4.3.16)

Minimising Eq. 4.3.16 with respect to both ¢ and 77 leads to Fy, at

: a+gq’
N =—-—2zt (4.3.17)
B
And
,’g: 3\ Il' ( ) og
L (——b] —4y] _%2
|
g =- F \\ i p (43.18)

2y
Substituting Eq. 4.3.17 and Eq. 4.3.17 into Eq. 4.3.16 to obtain Fpy, and taking Fp;, to equal to zero at a
second critical temperature 77 (which is the temperature of the energy coincidence of the absolute mini-
mum (for metallic phase Ty) and of the relative minimum (insulating phase)) one obtains for 77 and Ty
the following expressions:

. LW 2

-5

T =7, +%1/- 1L A (4.3.19)
ap 4 ay J
3 b_%]
T, =T, ;B2 P (4.3.20)

Hence one can calculate the hysteresis width (HW) as follows
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HW = AT =1 -1, =—+3— ~— (4.3.21)

ag |10
hysteresis cT a/[jl 4 a J/

It must be noted that HW increases as a, f and y decrease. The parameter a is obtained from Eq. 4.3.14
and is written as

, T
a=B A, —* (4.3.22)
E

A type of this behaviour has been attributed to oxygen vacancies and grain interfaces due to their elastic
fields. The most sensitive part of the Eq. 4.3.22 is the Azmg_u which decreases with increase in electron
and hole splitting, A,, A,. Similarly the parameter /7 is decreased due to oxygen vacancies and grain inter-
faces as a result of elastic tension appearing in the vicinity of these defects. VO, deposited on highly
crystalline substrates should therefore reduce these defects and hence the HW should be sharper than
when deposited on amorphous substrates. Also, when deposited on the same kind of substrates, crystal-
line VO, should have fewer defects than amorphous VO, and hence a narrower and sharper HW.

5. Thermo-chromism at nano-scale :
5.1 Lopez’s hysteresis width broadening at nanoscale :

Lopez et al [22] have shown that as the grain size is reduced the hysteresis width increases with an ac-
companied loss in what we call the hysteresis jump (HJ). We reproduce the Lopez et al illustration of
their experimental observation of this fact in Fig. 5.1 with our additional labels of HW, HIJ for the sake of
illustration.

In order to understand the dependence of the transition on the VO; particle size, Lopez proposed that the
semiconductor-to-metal transition is related to the nucleation mechanism of the VO, crystals. They as-
sumed that (1) the VO, particles were spherical (2) the classical nucleation theory applied in which the
stress-free Gibbs free energy expression

AszgdiAg“errm:yw (5.1.1)

]

(with d being the particle size. Ag., being the bulk free energy decrease per unit volume which was as-
sumed to be proportional to | T-T. |de‘re1‘mined by the entropy energy difference between the parent and
the product phase as 0.657 MJ/(m’K) and Youes Deing the surface energy per unit area which was estimated
to lie in the range 10-20 mJ/m?). From this equation, a barrier of 1077 (~6 X 10” eV) was estimated
which translated to 10%5T at the temperature where the VO, transition occurs spontaneously.

Since the thermal energy was too small for homogenous nucleation, Lopez et al suggested that nucleation
took place at special sites like those observed in the martensitic transformations. Lopez’s assumption of
spherical shape of the VO, particles is the first weakness in the whole of their attempt to attribute particle

size to the STM transition since, according to their SEM micrographs, their VO, particles are far from
spherical. In fact they are belt-like as we have clearly observed in our results.
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Fig. 5.1 Hysteresis loops for heating-up and cooling-down cycles in VO3 thin films and VO nanocrystals.
Note the variations in the hysteresis width and hysteresis jump as the size of the VO; crystals tends to
nano-scale

Also their nucleation theory as it is assumed to affect the SMT transition cannot be stress-free as it is
well known that there is tremendous amount of stress as the VO, crystal changes from a monoclinic
structure with volume of 12.05 sin(122) = 3.702 x 6.433 A’ to the smaller volume of tetragonal symme-
try of 4.554% x 2.854 A*. This stress cannot be negligible and has to be accounted for. Also, Lopez et al’s
important work shows that as annealing time of the samples is increased that equivalent radius increases.
Hysteresis loops at different annealing times (and hence particle sizes) are compared only qualitatively.

We extend Lopez et al’s important pioneering observation of the dependency of the SMT transition on
particle size, d. From their qualitative comparison of the SMT-d, one can draw a conclusion: the smaller
the particles the larger the hysteresis width (HW) and the smaller the hysteresis jump (HI) as shown in
the illustration in Fig. 5.1. We introduced the first quantity, HW, in Ref. 23 also only qualitatively. In the

section that follows, we introduce the relations that are employed in the study of thermochromism at
nanoscale.

5.2 Hysteresis width and stress :

The energy expended in transforming a crystallite from monoclinic at T,y to tetragonal structure above
the transition temperature T.+ 15 kg(Tes - Tioom) Whereas the energy lost in restoring this crystallite from
tetragonal at a temperature 7 > T.. back to room temperature via another transition temperature 7. is
I8(Te. ~Troom)- The difference between these energies gives the energy of the hysteresis and this energy
difference is kg(7- - T,). We assume that this energy is responsible for the amount of stress that is intro-
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duced to the structure as the materials transforms from monoclinic phase to that of tetragonal and vice
versa. The stress in the structure is proportional to this residual hysteresis energy. In its full form, we
would represent stress as rank two tensor written as a 33 matrix as first proposed by Einstein. However.
for simplicity and relevance to this work. we will adopt the empirical expression relating yield stress to
the grain size from the so-called Petch relation in metallurgy [24] given as

k,
ﬁ (5.2.1)

Where G is vielding stress for a material in bulk form and k; is constant for a particular material. As the
particle size d decreases (to nano-scale) the second term becomes important and yielding stress increases
abruptly.
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Fig 5.2 (a) HW against d: The numbers over each point indictate source of data: (1) Current work (unpub-
lished), (2.3,4) Lopez et al, (5) Miyazaki et al (6) Choi et al, (7,9) Current work, (8) Kivaisi et al, (b) HW
against a?® showing the linearity limited to bulk VO3; at nanoscale, linearity is broken as illustrated with a

broken line in order to guide the eye.
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Based on the assumption that the residual energy kg(7.- - 7)) is proportional to the stress it causes we
then can write:

ks(rﬂ _T(_): kB(HFV):ﬁI o, +£

\/} (5.2.2)

We assume further from experimental fact that the area under the hysteresis curve remains almost con-
stant. that is, as the HW increases due to size effects the HJ increases due to the same effect. Hence we
can write

(HW HT)= B

.
2

(5.2.3)

where /3, is a constant. Therefore the hysteresis jump (HJ) as a function of particle size can be given as:

kaﬁzﬁ
ﬁ1(o-o‘\/§ +ko) .

The charts in Fig. 5.2 illustrate the relationship between HW and particle size 4. In (a), a graph of HW is
plotted against d. This graph compares the present results with those of others as indicated in the caption.
The inverse nature of the HW as a function d is confirmed. In (b) a chart of HW versus 4% is presented
and a linear relationship is clearly evident as one expects. However. if the relationship went being linear.
then the HW increases to infinity. This means that as VO, particles tend to nano-scale, the HJ tends to
zero; meaning that the materials is thermally stable but cannot switch. This is not expected. The reality is
that the HJ decreases but is never zero. This places an upper limit to the HW as seen i Fig. 5.2 (b) where
the non-linear curve has been drawn to guide the reader’s eye.

HJ =

6. Brief review of VO, production efforts :

Stoichiometric VO, has been regarded as a difficult material to obtain. The reason is that there are more
than four phases of stoichiometric VO, known as shown in Table 2. Besides, of all vanadium oxides.
V05 rather than VO, is the most stable of them. The phase diagram gives an indication that VO, can be
obtained at low oxygen partial pressures at high temperatures above 550°C. At high O, partial pressure
and low temperatures, the stable V,0j5 is prevalent. In reality, trace V,0s is still found in the VO, even at
high temperature since it is very difficult to avoid environmental O, to creep into the reaction zone.

Since the discovery of VO;’s MIT transition at 340K in 1959 by Morin [6]. many techniques have been
employed in obtaining stoichiometric VO,. Among them pulsed laser deposition [25-58], ion implanta-
tion [59-63], laser pyrolysis [65,66]. ultrasonic spray pyrolysis [5,67,208], chemical vapor deposition[68-
90], hydrothermal synthesis [91-109] sputtering techniques[110-186] ball milling [187], soft chemistry
[188]. firing [189-190] and solgel [191-207] have been the most prevalent. In this chapter, we discuss the
VO, results obtained by two related methods: ultrasonic spray pyrolysis and laser pyrolysis. The sche-
matic illustrations of these methods are given in Fig. 6.1 (a) and (b) respectively. In both methods. the
precursor material comes in form of fine droplets produced either by a tradition pneumatic sprayer or an
ultrasonic nebulizer sprayer. These are carried into a heated zone whose heat source is a furnace or a
laser and the pyrolyzed particles are either deposited on a planar substrate or on a filter.
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Fig. 6.1 Two VO3 synthesis methods employed in Refs. [5], [65].[66], [67] and [208]- (a) ultrasonic spray
pyrolysis and (b) laser pyrolysis
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6.1 VO; nano-ribbons by ultrasonic spray pyrolysis :

The first synthesis of VO2 by ultrasonic spray pyrolysis wa reported in [5]. New images of nano-
particles of VO, synthesized by ultrasonic spray pyrolysis presented in Fig. 6.2 with a size distribution in
Fig. 6.3. However nano-ribbons of VO, [208] by the same method as shown in Fig. 6.4 are seen at the
following synthesis parameters: (1) at higher flow rate of 18 cm’/min of argon of the NHy;VO; precursor
(2) the substrate of borosilicate glass (3) positioned at a region in the furnace where the substrate tem-
perature was ~300°C and (4) the furnace temperature of 700°C in the central zone which is regarded to
be the pyrolysis temperature. No post-synthesis annealing was done on this sample. Scanning electron
microscopy was done on the LEO microscope and samples were prepared by scrapping a small portion
of the powder on to a carbon tape tailored for the SEM.

Fig. 6.2 Scanning micrographs of VO3 nano-particle synthesized on Corning glass in 11 L/min of argon
with a deposition time of 25 min at (a) 600°C (inset is EDS) (b) 700°C (EDS in inset)

138

© Applied Science Innovations Pvt. Ltd. 2009

338



Applied Seience Innovations Pvt. Ltd.

141 o= 81.00£2.83 nm |
oo = 38.9946.52 nm |

R2=079

d

12

10

Number of VO, particles

25 50 75 100 125 150 175 200 225
diameter (nm)

Fig. 6.3 Size distribution of the particles of VO on the samples grown by USP at 600°C

Fig. 6.4 SEM micrographs of VO: nano-ribbons a low resolution image showing the overall density of the
nanostructures with an inset the same on a different spot of the sample
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6.2 VO, nanobelts from laser pyrolysis :

The production of VO, nanobelts by laser pyrolysis of VCl, in ethanol and aqueous V,05 was discussed
briefly in Mwakikunga et al [65]. These structures are long drawn-out with some of these extending to as
much as 100 pm. The bundling together of nano-belts due to Van der Waal’s attractive forces is clearly
seen in the VCLI1 samples ran under oxygen. The cracks are seen in this V-based sample ran in the same
gas environment. However the yield of nano-belts in the V-based sample is relatively low compared to
those WO3 nanowires obtained by the same method [65]. This could be due to the higher reactivity of
vanadium alkoxide in O, than that of tungsten alkoxide. This anomalous reactivity of V-(OR), presents
violent decomposition and deposition and hence may impede salient self assembly. Tt is interesting to
note that among these belts are bamboo-shaped carbon nanotubes. These tubes could be coming from the
carbon in ethanol from the precursors are prepared and/or from some of the C-H; carrier gas molecules
that are able to dissociate in the laser beam.

Fig. 5.15 Scanning electron micrographs of VO: nano-rods grown from VCls + ethanol under oxygen as a
central carrier gas and C;H: as the secondary carrier gas.

140

© Applied Science Innovations Pvt. Ltd. 2009

340



Applied Science Innovations Pvt. Ltd.

“w : |
Fig.5.16 (a) Scanning electron micrographs of VO3 nano-rods grown from agqueous V205 under CxH» as a
carrier gas (inset) typical dense distribution of the belts at low resolution (k) low resolution TEM image of
bamboo structured carbon nanotube found amidst the VOs ribbons and (c) a higher magnification of CNT

showing disorder amidst orderad growth.
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7. VO, thermochromism and applications :

Many researchers engaged in the lowering of the intrinsic transition temperature of 68°C to room tem-
perature of about 25°C so that VO, films could be exploited for autonomous control of solar radiation
entry into a room by ambient temperature. The transition temperature has been tuned by doping the VO,
with tungsten [210, 211]. molybdenum [212], titanium dioxide [213, 214], silicon dioxide nanoparticles
[215] or cerium dioxide [216].

7.1 Coatings on windows for energy regulation and temperature control :

The role of advanced glazing in the reduction of energy consumption in buildings and the consequent
reduction in the greenhouse gas (GHG) emissions is growing, especially in Europe where 40% of houses
are now double glazed in an attempt to save energy [216]. Considering the climatic conditions and
dwelling needs, suitably selected energy efficient windows can be implemented to minimise heating,
cooling and lighting loads in buildings. Presently there is a growing demand for architectural designers
and building constructors to consider the visual and thermal comfort of the building occupants [217-
219]. Coupled to these recent efforts by researchers to formulate policy and co-ordinate the activities
related to optical coated glasses, China has suddenly become a world supplier of such optical glazing
[220]. In 2006 China already had 150 production lines for two types of architectural glass: viz. solar
control glass which has high reflection and absorption of sunlight radiation, and the low emission glass
which reflects MIR to FIR. Both these types of glasses are popular and suitable for cold and hot cli-
mates, respectively.

7.2 VO, for ultra-fast switching applications :

It is well understood by now that the VO, MIT happens so fast — to the order of about 100 fs. A number
of studies have been dedicated to understand the origin of this rapid transformation [21, 37-39, 43-45,
47]. Roach [221] pointed out that, due to the changes in reflectivity during the phase transition, VO,
films can be used as a kind of optical disc medium and demonstrate holographic storage. Bit recording
on VO, films using a near-infrared laser was demonstrated [222]: stability during long-term storage and
over 108 time cycles of write-and-erase were achieved without degradation. Switching time of about 30
ns and writing energy of the order of a few mJ/em? were reported [223]. Bit density has been estimated
to be 350 bits/mm. Such low threshold recording energy and write-erase abilities encourage the use of
VO, films as a recording medium [224]. More recently, the use of VO, thin films was suggested in ultra-
fast switching devices. The high temperature metallic state attained in 5 ps by using the femtosecond
laser excitation at 780 nm was reported [225].

7.3 Thermo-chromism and colorimetry :

Room temperature VO, looks transparent in thin film form but takes deep bluish color when in thicker
film form. Its color continuously changes as the temperature is increased. After transition to metallic
state, that is, above 340 K, the color adopted is brown or completely opaque. The color of the VO, can be
controlled by accurately controlling the temperature of the material’s surroundings. This is the basic
principle of thermo-chromism-based colorimeter. For more details on the science of thermochromism
with specific application to colorimetry, the reader is referred to the work of Hiltunen [226]. In the intro-
duction section, it was found that the the color of an object dependson the spectral abosorption coeffi-
cient. Properties of the absorption band are usually givenin electron volts. The Gaussian shape of the
absorption coefficientand hence the absorption band is given by [227]
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where g; is the energy of the absorption maximum and Ae is the full width at half maximum. By taking
the usual conversion procedure between the electron volts to the wavelength in (nm) given by

1239.5
eleV)=——=
(e7) A(nm)

And substituting it in Eq. 7.2 transform the photon energy- dependent absorption coefficient into a wave-
length-dependent absorption coefficient derived herein as

(7.2)

1(A) = expl-4n2(A4) (4, - A) ] (7.3)
where AA is the new full width at half maximum and A is the wavelength at the peak absorption. [t must
be noted that when the absorption is plotted against wavelength, A. the profile is asymmetrical as op-
posed to the perfect Gaussian for the case when the same is plotted against photon energy €. These plots
are sketched in Fig. 7.1

’IL h ’u-'ll
a : (k)
’u‘max ( ) & max
Y2 ’u‘max Va F""Imax
i %0 &y e Ay Mg Ay A

Fig.7.1 (a) Absorption band of a typical material plotted in energy scale showing a perfect Gaussian pro-
file (b) when the same band is plotted in wavelength scales the profile is asymmetrical

For the Gaussian profile one can integrate the absorption peak within the visible range (1.59 - 3.3 eF)
and the result is area A given by

—_—

| T

A=u ."—Af. 7.4
! =\ 41n2 74

The area remains constant regardless of the temperature changes. The width of the Gaussian curve Ae
increases as the temperature increases and the value of ., decreases proportionally. That is

Ae =EAT (1.5)
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where  is a constant. Note that the opposite effect applies when it is emitted energy iustead of absorbed
energy. This can be illustrated by a sketch in Fig. 7.2

Therefore the energy at half maximum absorption as a function of temperature is given as

e . (T)=¢,tAe, |— (1.6)

ar

(7.7)
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b g | >
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Fig.7.2 Absorption as a function of wavelength and temperature where T>>T4. Note the shift in half width
wavelength before the peak maximum is less than the shift in half width wavelength after the peak maxi-
mum.

For the case when absorption is plotted against the wavelength scale where the absorption curves are not
symmetric, the shift in wavelength. A corresponding to the points & can be written thus
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1 1, 14de, [T
. tmau (7.8)
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where Ag is the wavelength corresponding to the peak maximum. The shift of the half width points are
therefore given by

] |'_ 2’+L(‘T )1
§A+l(T): :+L(T)i/:’+L(TO):A£A€Q l— |||£)| ( = Oi‘ (7-9)
+l g 3 2 he | \TD) 1 Ag, I| |
~ ]‘—" =g !/1+l(TO)
2 he VT, ) =

This equation is clear demonstration of the change of the apparent color of a thermo-chromic material as
temperature is raised. It should be noted that while absorption decreases and shifts to longer wavelengths
as the temperature if raised. emission increases and shifts to shorter wavelength in accordance with the
blackbody radiation theory.

8. Open questions on thermo-chromism :

Significant progress has been achieved in understanding the metal-to-insulator transition which the fun-
damental phenomenon resulting in the observed thermo-chromism. Most of this achievement comes
from the study of bulk materials. Several challenges have confronted scientists recently with the emer-
gency of nano-materials and nano-structured materials of different geometries.

(1) For the band models from Mott to Hubbard. through Goodenenough to Paquet and Vikhnin, it still
remains a puzzle as to how to adapt these models to nanomaterials. One of the problems is the many-
level spin and energy splitting in nanomaterials which never existed in bulk material experimental data.
This would require more terms in the Hamiltonian of Eq. 4.2.1. This should affect the free energy ex-
pression and hence transition temperature calculations need to be re-done. Reyes et al [228] have dis-
cussed a model based on the free energy expression in Eq. 4.2.13 after finding the following interesting
results of Cr-doping on VO, — that the transition temperature on heating 7. increases with increase in
Cr-doping level whereas the transition temperature on cooling 7, remains constant regardless of the Cr-
doping level. It was argued that the dopant introduces distortion 1) which either stabilizes or destabilizes
the VO, high-temperature tetragonal structure. If the tetragonal is stabilized the transition temperature
decreases otherwise it increases. This was explained in terms of the ionic radii (that is valency) of the
dopant iton in comparison to that of the metal ion of the host VO,. If the dopant ion radius is larger than
that for the V*” jon, which is the case for W®", the overall structure becomes less stable and hence transi-
tion happens at a lower temperature than 340K. The opposite is true for Cr'", for instance. Reyes et al
however could not explain why the cooling transition temperature T.. remain constant regardless of the
Cr-doping level: only the heating up transition temperature T.. increased as Cr-doping level increased.
This is still a puzzle to many researchers.

(2) Fitting the VO, hysteresis with equation adapted from magnetic hysteresis such those based on
Preisach as presented by de Almeida in section is another next interesting area which may require pur-
suit. The equation fit very well for bulk VO,. In the light of the hysteresis profile changing significantly
in nano-VO, as presented by Lopez et al and ourselves, it would be interesting to see how one can adapt
the distribution function W(To.TR) to the particle distribution function of the sample. The fact is the re-
sistivity of the metallic phase of nano-VO,; does not come to real metals. In other words the VO, high
temperature tetratogonal phase is never a perfect metal and its resistivity is much higher than bulk VO, at
the same temperature.
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Otherwise, for the case of nano-structured VO,, where R,"™ is comparable to R, and both are de-

pendent on the particle size and particle size distribution of the VO, sample, one can say that

[ nano ( E \] nano —‘ nano
R(Td) = ] RO (()’)EXP[ r ;—- JI - Rm (d )J'U.‘H(TH > Tﬁ }iTﬂ dTﬁ + Rm (d) (8.0)
AR s

with all other parameters as defined previously in section 3. This is still open for further research.

(3) Vikhnin et al’s argument that the hysteresis width depends on defect and also interfacial effects at the
junction between the VO, thin film and the substrate material 1s also an interesting and controversial
subject. In their presentation. crystalline interfaces should produce sharper transitions than the amor-
phous ones. The Landau expansion of the free energy was partly employed in this explanation. However
what would hysteresis width in non-thin film VO, such as in composite powders, suspension and single
nanostructures confirm Vikhnin’s model? Nano-VO; has shown wider hysteresis width than thin films.
This experimental fact is not accounted for in Vikhnin’s expression for hysteresis width and therefore
this 1s another open question.

(4) Our present proposed model based on stress at transition as VO, changes from monoclinic structure
to the tetragonal one and vice versa also some short falls when the particle size is less than about 20 nm.
This is another area that would require more in-depth study

8. Conclusions :

This work has shown the several fundamental models of the metal-to-insulator transition, first, in several
materials, and. then specific to VO,. The initial steps were made by N. F. Mott followed by Hubbard. It
was only until Goodenough saw the effect of doping on the tuneability of the transition temperature of
VO,. that the band model was realized for the VO, system and the chapter shows some of the studies
that have spawned after that, for instance, Reyes, Paquet’s model and Vikhnin. The chapter also has
discussed the adaptation of the magnetic hysteresis theories based on Preisach to the VO, thermal hys-
teresis. Later in the chapter, our own proposed model based on stress studies due to structural change has
been outlined and has been found to be in good agreement with present and previous experimental results
only up to a particle size of about 20 nm. The chapter also presents the many production efforts of this
important material and a case for ultrasonic spray pyrolysis and laser pyrolysis has been briefly dis-
cussed. The applications — industrial and scientific - of VO, thermo-chromism have been brietly re-
viewed. The chapter wraps up with some suggested areas of research on this material that need further
pursuit.
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