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Abstract

This dissertation presents for the first time the conditions for the synthesis of VO2 by ultrasonic

nebula-spray pyrolysis (UNSP) from a precursor solution of NH4VO3+VCl3 optimized as follows:

a carrier gas of argon at a flow rate of 11 liters per minute, a furnace temperature of 400 to 700oC.

This work also incorporates thermodynamic variables of Tpr-P -V into the equations that relate

the mean diameter of droplets, D, to frequency of the exciting ultrasound waves, f, the density of

the precursor solution, ρ and the surface tension, σ, previously worked on independently by Lang

and Jokanovic. The incorporation results in the diameters of the droplets (and consequently the

collected grains) being smaller as p and Tpr are increased in a non- linear form. The variable V,

however, increases the diameter of the droplets as it is allowed to increase. This study shows the

departures many authors find of the theory from experiment but it also shows that the departure

does not lie in the equations but rather on post- synthesis and annealing effects. From X-ray

diffraction, scanning electron microscopy (SEM) and Raman spectroscopy, this study shows that

as furnace temperature is increased the morphology of the sample surfaces for both VO2 and WO3

transforms from amorphous to crystalline, from spherical grains to plate-like structures, with grain

mean diameter increasing non-linearly in some cases and decreasing non-linearly in other cases

confirming previous findings, the latter enjoying the majority vote. In Raman spectra of the as-

obtained WO3, asymmetric broadening of the Raman peaks was observed in some samples and

a phonon confinement model was employed in the size distribution prediction. These findings

prompted the re- workout of the phonon confinement model. In this dissertation an equation has

been derived based on the Faucet-Campbell equation of the PC model. The new equation relates the

ratio of neighboring peaks in a material’s Raman spectrum to the mean diameter of the grains. The

present modification allows the PCM model to predict the grain size beyond the current limiting

range of 0 to 100 nm. Analysis of the experimental data using this equation unveils two different
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equations- one for particles of size below 100 nm and the other equation for particles with larger

that 100 nm. Also this analysis has enabled the present study to evaluate the phonon dispersion

relations for WO3.
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Chapter 1

First synthesis of VO2 and

size-controlled crystallization of WO3

by ultrasonic spray pyrolysis

In this chapter, a general introduction and objectives of this project are given, a background

to the structural, optical, electrical, thermal and other properties of vanadium dioxide (VO2)

and tungsten trioxide (WO3) are also reviewed. Pertinent terms such as ”thermal regulation,”

”thermal modulation” which are properties of vanadium dioxide (VO2) (popularly termed

”thermo-chromism”) are defined. ”Sensitivity” and ”selectivity” and ”electrochromism”

which are gas sensing and optical properties of tungsten trioxide (WO3) are described. A

review of the novel synthesis technique ’ultrasonic nebula spray pyrolysis’ (UNSP) is also

presented.

One of the biggest hindrance to availability of materials for energy conversion, conservation

and for environmental applications especially in developing countries has been the cost of

producing them. In attempting to bring down the cost of production, the methods of synthesis

that are chosen have often compromised on quality of the so- produced materials. There is

therefore need to have a method that would embrace both low cost and good quality materials.

This is what basic spray pyrolysis would offer.

South Africa, as one of the developing countries, is the leading world supplier of vanadium

14



ore apart from the fact that it also supplies half of the world gold. This work adds to the

pool of knowledge South Africa desperately needs for its building of the capacity and ability

to add value to its endowments and mineral resources for the betterment of its people.

The initial objective in this project was to assess the feasibility of UNSP method in the

production of multi- phase and difficult- to- produce materials as vanadium dioxide. In this

regard there was need to optimize the parameters that are pertinent in the process viz: carrier

gas type and its flow rate, furnace temperature, positioning and orientation of the substrate,

nature and concentration of the starting solution and pressure in the UNSP system.

Properties of materials tend to drastically change as the sizes of their crystallites and grains

are reduced to nano- meter scale where quantum rather than classical physics dominates.

A number of misunderstandings on assessment of such novel material properties have been

identified such as the conflict between theory and experiment with respect to crystallites sizes

estimated by Lang and Jokanovic models (to be introduced in section 1.3) and XRD/SEM

experiments and also the conflicts in Raman studies of VO2. In this study ultrasound waves

focused at the surface of a solution were used to produce very small droplets in the micro-

meter range which were decomposed to produce powders in the submicro- and nano- meter

scales. With experimental facts at hand, it was therefore important to attempt to resolve the

above conflicts by observing the deficiencies of the classical physics and the strength of the

latter in studying these nanometer sized materials. To this end, phonon confinement models-

first proposed by Richter et al (1981)[1] and then modified by by Campbell and Faucet(1986)

[2] and further modified by dos Santos et al (1997) [3] (to be discussed in section 2.2 of

Chapter 2)- were critically reviewed for the purpose of re-making simpler linear equations

relating relative intensity to grain sizes and fitting the so- derived new model to present

experimental data.

1.1 Tungsten trioxide (WO3)

In the last few years a worldwide concern about the necessity for global environmental protec-

tion has grown. As a result of this concern, governments have brought in a set of anti-pollution

directives. Any attempt to make a serious pollution control requires continuous monitoring
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of hazardous gases into the atmosphere. This is a serious problem in developing countries

where such resources are scarce. For this purpose, solid- state gas sensors based on semi-

conductor metal oxides have proven to be promising. These sensors are inexpensive, easy to

install and operate. Gases are sensed by their effect on the electrical resistance of the metal

oxide semiconductor, resulting from changes in conductivity brought about by combustion

reactions occurring within lattice oxygen species on the surface of the film particles [4]

Among several materials that can be used as active layers, tungsten oxide is highly promising.

Several studies have shown that WO3 can be used for the detection of nitrogen oxides (NO and

NO2 and NOx), carbon monoxide, H2S, NH3 and hydrocarbons such as ethanol, benzene and

methane[5]-[10]. WOx electrochromism has been assessed and found to be enhanced when

mixed with Au and Al[11], Ti[15], Au, Pd and Pt[18] and mixture with MoO3[19]. Influence of

substrate temperature[20], annealing[12], proton insertion[13], on the properties of WOx has

been reported. Performance of WOx has been compared with NiOx on electrochromism[21],

with V2O5 as sensitive elements for NO detection[22] and with nanopowders of tin and indium

oxides as CO and O2 detectors[23]. In most of these studies, optimisation of selectivity and

sensitivity of WO3 have been the main issues. The worry has been the fact that WO3

sensitivity reaches its maximum around 350oC which is a major setback in as far as bringing

down the costs of gas sensing is concerned. It has been observed in the current literature

that bringing the WO3 particulate sizes to sub-micrometer levels, or even to nanometer scale,

decreases this optimum temperature to regions of 200oC.

From 0 up to 1200K stoichiometric tungsten trioxide, WO3, is reported to undergo not less

than eight phase transformations in the solid state[24]. Crystallographic information has

become available on the WO3 phases which occur between 900 and -70oC[26]. Below 900oC,

WO3 is tetragonal, space group P4/nmmm(D7
4h) and transforms at about 740oC into an

orthorhombic modification with space group Pmnb (D16
2h)[27]. Between 17 and 330oC, WO3

exhibits monoclinic symmetry, space group P21/n (C5
2h)[28]-[30]. Below 17oC WO3, is tri-

clinic, space group Pi (C1
i)[31],[32] and transforms at -40oC into another monoclinic phase

with space group Pc (C2
s) [33],[34]. These WO3 phases have more or less distorted ReO3-

type crystal structures as illustrated in Figure 1.1[35].
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1.1.1 WO3 applications

An electrochromic material is able to sustain reversible and persistent changes of its optical

properties upon the application of a voltage. Integration of such materials in devices makes

it possible to regulate transmittance T, reflectance R, absorption A, and emittance E be-

tween widely separated extrema. An excellent review of electrochromic devices with WO3

predominantly applied is given by Granqvist et al [36].

An electrochromic device has a general design as illustrated in Figure 1.2.

1.1.2 The physics of gas sensing

The increasing interest in indoor air quality (IAQ) monitoring is mainly due to the growing

incidence of a new class of diseases, identified as building related illnesses (BRI) and sick

building syndromes (SBS) arising from the long-term occupancy of confined living spaces

that harbour physical, biological and/or chemical contaminants inside the builiding. Typical

contaminants are aldehydes, ozone, NO2, CO2, CO, particle matter, radon, SO2, H2S, Pb,

formaldehydes, water vapour and total volatile organic compounds (VOCs). Some of the

gases in the above list are obvious greenhouse gases emissions of which the whole world is

struggling to cut especially through the recent controversial Kyoto convention/protocol.

The basic property of the sensor material that is employed in sensing the presence of a gas

species is usually resistance of that sensor material as a function of sensor surface temperature.

The ability to distinguish among the many gases called selectivity of the sensor depends on

the resolution of these characteristic temperatures. How high the resistance rises before it

falls, or sensitivity, depends on the concentration of the gas that is being sensed. However

this calls for another thermodynamic parameter that would be used to analyse these effects,

that is, pressure. Sensitivity, Σ is defined as

Σ =
Rg −R0

R0
or Σ =

Gg −G0

G0
(1.1)

where Rg, Gg represent sheet resistance and conductance of the sensor when exposed to

the gas respectively and R0, G0 are the sheet resistance and conductance of the sensor
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without the gas. Sheet resistance is measured using a four- point probe technique and the

analysis of the value of Rs is done by the Van der Pauw technique. The time dependent

non- linear response of a sensor is related to the kinetics of the gas molecules i.e. adsorption,

oxidation and desorption on the semiconductor surface and is influenced by the structural and

morphological properties of the sensor surface which in turn are dependent on the temperature

of the environment. WO3 is known to have a sensitivity peak around 700K for CO, 525K for

NO2 and 400K for H2S according to Hoel et al [9] or 623K/673K for CO and 473K for NO2

according to Guidi et al[6]. Each peak can be fitted with the Gaussian (or any peak function

such as the Lorentzian, the Voigtian e.t.c.) of the following nature

Σ(T ) = Σ0 +
Ae−2(T−Tc

w
)2

w
√

π/2
(1.2)

where A is the area of the peak, w is the full width at half maximum (FWHM) and Tc is

the centre of peak temperature; all these constants are characteristic of the gas being sensed.

And if indeed Σ is a function of temperature, T and pressure, p then obtaining values of Σ

at varying T, and p would yield a surface in three dimensions whose peaks would be defined

by characteristic temperature and pressure values. The relationship between Σ and p has

been shown empirically to be directly proportional to p; which means we can write this

relationship mathematically as

Σ(p) = Bpβ (1.3)

where B and β are constants again characteristic of the gas being sensed. Practically, the

the two functions of Σ are multiplied to obtain the three dimensional surface of Σ in T and

p thus:

Σ(T, p) = BΣ0p
β +

AB

w
√

π/2
pβe−2(T−Tc

w
)2 (1.4)

If there are N gas species to be sensed, then if the sensor is 100% efficient, the number of

(Σ(T,p)) peaks in the 3D surface will be N.
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1.2 Vanadium dioxide VO2

Thermo-chromic materials are characterized by a semiconductor-to-metal transition (SMT)

occurring from a reversible change in their crystalline structure as a function of the temper-

ature. Thermo-chromism is a term that simply means that the material changes its optical

properties due to a varying temperature. Along with a change in optical properties are also

electronic transitions evidenced by a change in electrical resistivity. This change has been

observed in transition-metal oxides [38],[39] such as Ti2O3, Fe3O4, Mo9O26 and in several

Magneli phases of vanadium oxide, VnO2n−1. Among them, VO2 has received the highest

attention because of the large reversible change of electric, magnetic and optical properties

at temperatures around 70oC [38]

During the semiconductor-to metal transition, the optical properties of vanadium dioxide are

characterized by a sharp decrease in optical transmission in the infrared spectrum. This is

coupled with an increasing in its reflectivity. Because of this anomalous behaviour, vanadium

dioxide has been presented as an attractive thin film material for electrical or optical switches,

optical storage, laser protection, and solar energy control for windows in space satellites. The

transition temperature of vanadium dioxide of 70oC may be decreased by the addition of high-

valent transition metals such as niobium, molybdenum or tungsten. Trivalent cations (Cr3+

and Al3+) increase the transition temperature. The hysteresis profile associated with the

transition depends on the microstructure and crystallinity.

1.2.1 Optical and electronic transitions in VO2

Since the discovery of the VO2 semiconductor to metal transition by Morin in 1959[40] VO2

has been a subject of numerous experimental and theoretical studies. In the first order[40]

phase transition of VO2, the material undergoes a reversible change from a tetragonal ru-

tile structure phase, space group P42mnm with typical lattice constants a = 4.5546 and c

= 2.8514 Å, at higher temperature to a monoclinic structure, space group C2m with lattice

constants a=12.09 b=3.702, 6.433 Å and 106.6o, below the phase transition. The typical

structures are represented in Figures 1.3 to 1.6. These structural characteristics led Good-

19



enough[37] to propose a model of the electronic structure based on molecular field theory

that has accounted for some properties of VO2 metallic and semiconducting phases[43]. This

model has subsequently undergone further improvements by incorporating electron-electron

correlations[44] and electron-phonon interactions.

1.2.2 VO2 applications

Among the transition metal oxides exhibiting semiconductor to metal structural phase tran-

sition, vanadium dioxide is the most spectacular example. This is due to the large change

of its physical properties such as resistivity, transmittance, and reflectance during this phase

transition. This has led to, vanadium dioxide being studied, not only from the fundamental

point of view, but also for potential applications in electronics, optics or opto-electronics

This interest is especially generated by large changes of resistivity, optical transmission, and

reflection in the infrared. These changes are associated with a hysteresis loop when the

material is heated and cooled around the temperature of phase transition.

Because of the ability to change the transition temperature by doping, Lee et al [45] and

more recently P. Jin et al. [46], suggested that tungsten doped vanadium dioxide can be used

in energy efficient-windows. These smart windows or electrochromic displays find special

applications in the architectural, automotive and aerospace sectors [47]. Roach [48] pointed

out that, due to the changes in reflectivity during the phase transition, VO2 films can be

used as a kind of optical disc medium and demonstrate holographic storage.

Bit recording on VO2 films using a near-infrared laser was demonstrated [49]; stability during

long-term storage and over 108 time-cycles of write and erase were achieved without degra-

dation. Switching time of about 30 ns and writing energy of the order of a few mJ/cm2

were reported[50]. Bit density has been estimated to be 350 bits/mm. Such low thresh-

old recording energy and erase-re-writability encourage the use of VO2 films as a recording

medium[51].

More recently, the use of VO2 thin films was suggested in ultrafast optical switching devices.

The high-temperature metallic state attained in 5ps by using femto- second laser excitation

at 780 nm was reported[53].

20



In summary, vanadium dioxide is an interesting candidate for modern applications of active

thin films in optical or electric[54] switches. The ultrasonic spray pyrolysis process is an

attractive approach for preparing these films and nano- powders. The applicability of this

kind of coatings needs more work on device feasibility, reproducibility and scale-up processes.

1.3 Ultrasonic nebula-spray pyrolysis process

Although a lot of achievements and progress have been made during the past few decades,

it has also been found that both bulk and thin-film single-crystal VO2 are difficult to

grow, which frustrates attempts to achieve a deep understanding of the mechanism of the

semiconductor-metal transition (SMT) and related phenomena. In addition, some attempts

[9],[10] have been made to reduce the phase transition temperature, Tt by incorporating

dopants, but Tt can only be decreased at the expense of a degradation of the film properties;

the explanation of the release of stress is far from satisfactory, and much more insight from

further study is needed, which relies on the growth of a high-quality thin films of VO2. Much

effort has been devoted to the preparation of high-quality VO2 film by different prepara-

tion methods [11]-[16]. It has been reported that highly oriented VO2 thin film prepared

by pulsed-laser ablation [17],[12] exhibits good properties with a high ratio of the resistivity

(RR) before the phase transformation to that after transformation and a small hysteresis

width (HW) (2 x104 and 2oC respectively).

For developing countries, this difficulty in growth of VO2 is compounded with the dire need

for a way of mass producing the VO2 based materials. The easiest route to mass production

is spray pyrolysis. For more efficient and purer products, it is desirable to produce much finer

droplets in the spray than are produced by traditional pressurized sprayers. Excitation of the

precursor solution with ultrasonic waves is seen to be the next state- of- the- art technique.

Ultrasonic spray pyrolysis (USP) involves material deposition by exciting precursor solutions

with surface focused ultrasound waves thereby creating much finer precursor droplets than

have been achieved hitherto by other traditional pressurized nebulizers. A schematic diagram

of the UNSP system is given in Figure 1.7.
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Ultrasonic vibrations set up standing waves on the surface of a liquid such that at a critical

environment the surface erupts into fine droplets whose diameters D are proportional to the

ultrasonic transducer frequency f, the liquid density ρ, its surface tension, σ. This relationship

is studied using dimensional analysis by considering the dimensions of f as [T−1], ρ as [ML−3]

and σ as [MT−2]. Mathematically, this assertion is presented thus:

D ∝ fxρyσz (1.5)

That is

D = kfxρyσz (1.6)

Where k is a dimensionless constant and x, y, z are coefficients to be worked out. Expressing

Equation 1.6 in terms of the dimensions of the variables involved we have

[L] = [T−1]x[ML−3]y[MT−2]z (1.7)

where upon balancing of the powers on the LHS with those on the RHS we get

y = −1

3
x = −2

3
z =

1

3
(1.8)

which means that

D = k(
σ

ρf 2
)

1

3 (1.9)

As early as 1962 the value of k was empirically determined to be 0.68π1/3 by Lang [61]

and in 1996 Jokanovic et al derived it to be simply π1/3 [62]. From the knowledge of the

approximate diameters of the droplets, we can estimate the expected sizes of the as- deposited

nano- particles using the derived expression from the above Equation 1.9 given respectively

as
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dpL = DL

(

cprMp

ρpMpr

)
1

3

(1.10)

dpJ = DJ

(

cprMp

ρpMpr

)
1

3

(1.11)

where cpr is the precursor concentration, Mp is the molar mass for the as-deposited particles,

Mpr is the molar mass for the precursor, ρp is the density of the as- deposited nanoparticles

and DL and DJ are Lang and Jokanovic droplet diameters respectively.

These expected particles sizes can also be estimated from X- ray diffraction (XRD) peaks as

illustrated by Guinneton et al (2000)[6] results of which can be compared with those obtained

using the previous equations. This is normally done by determining the full width at half

maximum (FWHM) of the VO2 and WO3 strongest peaks emanating from VO2 and WO3

crystal faces with Miller indices (011) and (100) respectively the distributions of which are

centred around 2θ= 27.783o and 23.986o respectively in the VO2 and WO3 XRD spectra

respectively and using the Scherrer formula given as

d =
0.9λ

∆ (2θ) .cosθ
(1.12)

where ∆(2θ) is known as broadening due to size effect which at low Bragg angles is calculated

thus

(∆2θ)2 = (FWHM)2 −̟2 (1.13)

where ̟ is the standard FWHM obtained from the standard VO2 and WO3 samples which

in this case were 0.089o and 0.092o respectively.

Ultrasonic Spray Pyrolysis like the traditional spray pyrolysis has attractive features of sim-

plicity, economic viability, high deposition rate, possibility of coating over large areas and

continuous operation. But, unlike other commonly known atomizers such as pressure nozzles,

it has, as cited by Cho et al (1997) [63], the advantages of ”high purity, chemical purity and

stoichiometry” and allows a narrow distribution of particle sizes. In particular, as specified
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by Chang et al (2000)[64], a large proportion of droplets below 20 µm are typically produced

with a low in- flight speed. This prevents droplets from being removed from the gas phase

by impact onto walls of the reactor. The major disadvantages being potential for hollow

structure or fractured particles [63] and that the droplet production rate is typically low and

highly dependent on the throughput of the nebulizer[64].

USP is reported by Ivanov-Schitz et al 1989[65] to have been employed by Langlet et al[66]

as early as 1989 in the deposition of Y-Ba-Cu-O superconducting films, in 1990 by Setoguchi

et al[67] in the deposition of calcia films, by Saito et al[68] and Hong et al [69] in 1994 for

production of Na4Zr2Si3O12 and NaZr2P3O12 powders respectively. Similarly Kamiya et al

[70], Furusaki et al[71], Huang CS et al[72] and Matsuzaki et al [73] and Huang H et al [74]

employed USP in the development of ceramics, LaCrO3- based oxide films, Pb(Zr,Ti)O3 thin

films, yttria films and silicon doped tin oxide films respectively. Interestingly, nanopowders

of tetragonal doped and undoped ZrO2 are reported by Ivanov-Schitz et al[65] to have been

produced by USP by Djurado et al[75] in 1998. Although Raju, Aiyer and Rao[76] in 1995

claim the USP method was developed in their laboratory, they do acknowledge the prior

report by Langlet and Joubert[78] in 1993 on the Chemistry of Advanced Materials. It is

likely that Raju et al[77] modified the Langlet procedure to suit their objectives of applying

the method to pyrolysis of PbTiO3, (Pb,La)TiO3 and Pb(Zr,Ti)O3 in 1995 [78] and also

as reported by Murugavel et al[79] in 1997 who used USP in metal- organic precursors to

produce TiO2, ZrO2 and PZT.
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(a)

(b)

Figure 1.1: The edge-sharing rhenium trioxide (ReO3) structure (a) from which WO3 adopts

its own distorted variant structure (b)
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Figure 1.2: A general design of an electrochromic device

Figure 1.3: This is the top view of the VO2 rutile and monoclinic structure
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Figure 1.4: Side view of the VO2 rutile and monoclinic structures

Figure 1.5: Typical TiO2 rutile structure which VO2 adopts at high temperatures
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Figure 1.6: Atomic representation of the VO2 rutile unit cell

Figure 1.7: A schematic representation of the ultrasonic nebulizing spray pyrolysis technique.

A more elaborate presentation with photographs of the experimental site is given in Chapter

3
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Chapter 2

Droplet-to-solid particle

transformation, the phonon

confinement model and the presently

proposed parallel models

In this chapter a review of over eighty publications on materials synthesis using different forms

of spray pyrolysis and their grain diameter determination results are reviewed. Especially

unveiled is the conflict that most authors find between calculated grain sizes using Jokanovic

or Lang equations as presented in Chapter 1 and those experimentally measured using either

scanning electron microscopy or X- ray diffraction. Proposed in this treatise are some answers

to this conflicts by introducing the following pertinent factors:

1. The first factor is the temperature of the precursor solution as one parameter during

the droplet production process that all authors have hitherto not considered. This

parameter critically affects the pertinent parameters of density and surface tension in

the Lang and Jokanovic equations.

2. A second factor is the gauge pressure of the USNP system with reference to the atmo-

spheric pressure.
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3. The third and most interesting factor is the volume of the vessel that is housing the

generated droplets

4. A fourth factor is the temperature of deposition of the particles that, sometimes, is

referred to as calcination or annealing temperature.

These factors have enabled the present study to generate yet another model that is able to

explain a number of findings that have hitherto lacked physical and scientific explanation as

will be shown in the next sections of this chapter.

2.1 Proposed refinement of the Lang-Jokanovic droplet

size model

As already introduced in the previous chapter, the first explanation for the phonomenon of

droplet generation from liquids by ultrasound waves was given by Lang (1962) [63] and his

semi-empirical equation is given as [4]-[18]

D = 0.68 (π)1/3 (
σ

ρf 2
)

1

3 (2.1)

In 1996, Jokanovic et al (1996) [64], formulated another parallel equation based on a partial

differential equation of motion of the droplet in an ultrasonic mechanical wave field and

managed to show that droplet diameters from ultrasonic spray could be calculated from the

following equation:

D = (π)1/3 (
σ

ρf 2
)

1

3 (2.2)

Both of the above models assumed that the thermodynamic properties of the precursor liquid

in the USP system (such as pressure, system volume and system pressure) are negligible.

However, in a real experimental situation, it is observed that every ultrasonic nebulizer

increases the temperature of the precursor solution. Inclusion of a temperature dependent

surface tension and density in the above models would improve the agreement between theory
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and experiment. Also, the pressure (p) in the USP system and shape and size (V) of the

USP system are considered pertinent factor in the ensuing model. The droplet diameter can

then be expressed as

D (p, V, Tpr) = k

(

σ(T )

ρ(p, V, Tpr)f 2

)
1

3

(2.3)

and the deviation of the droplet diameter from the expected value due to change in surface

tension and density which in turn are due to changes in precursor solution temperature and

UNSP system pressure can be found by taking a first derivative of Equation 2.3 above and

this can be shown to take the form of

∆D

D
=

1

3

(

∆σ

σ
− ∆ρ

ρ

)

(2.4)

Also, in a case where the ultrasound-focused surface level is not constant with time, the out-

of-focus effects of bulk precursor properties such as viscosity may also need to be included in

the models. (In this case, running through the dimensional analysis for the case of D being

dependent on viscosity, η rather than density, ρ, the following expression for d is obtained:

D = k′
(

σ

ηf 2

)
1

3

(2.5)

and similarly

∆D

D
=

1

3

(

∆σ

σ
− ∆η

η

)

(2.6)

Equations 2.4 and 2.6 show similar characteristics. This means that the density of the

starting liquid and its viscosity has similar error effects on droplet diameter. Since many

researchers have used density rather than viscosity, the present discussion opts to use density

throughout this treatise. In addition, the effects of substrate temperature and annealing

temperature and duration of annealing, all need to be inserted in the models when estimating

the size of the so-obtained grains on a substrate.
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From thermodynamics it is possible to deduce that surface tension reduces upon an increase

in temperature of a liquid. The relation between σ and Tpr from a rigorous analysis is given

as

σ = H + Tpr
dσ

dTpr
(2.7)

where H is the energy required to increase the area of the surface of the liquid in contact

with air by unit area and Tpr is the temperature of the precursor solution in kelvin units.

It should be noted that the energy H is always positive and it follows from the fact that σ

decreases as Tpr increases that the derivative is always negative. For many liquids H is about

+50 mJ.m−2 and the derivative about -0.1 mJm−2K−1.

Density ρ can be written as a function of temperature from van der Waals real gas equation

(in present study, the real gases are droplets or vapours)

[

p+
aρ2

M2
pr

] [

V − ρV b

Mpr

]

=
ρV RT

Mpr
(2.8)

where a and b are the usual constants that depend on the real gas which for this case are

very close to those of water vapour (a = 0.5507 Jm3mol−2 b = 3.04 x 10−5 m3mol−1), Mpr is

the molar weight of the precursor solution material, p is the pressure in the chamber and V is

the volume of the chamber, R is the universal gas constant (0.082025 atm mol−1K−1). This

has been accomplished by substituting in the original van der Waal’s equation the following

facts:

n =
m

Mpr
=

ρV

Mpr
(2.9)

where n is the number of moles

From Equation 2.8 one gets three solutions of density ρ two of which have imaginary parts

in them. The one solution that is completely real is given as:

ρ (p, Tpr) =
Mpr

3b
+

0.42Ω1 (p, Tpr)

abΩ2 (p, Tpr)
+

0.264Ω2 (p, Tpr)

ab
(2.10)

where
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Ω1 (p, Tpr) = 3abM2
pr (bp +RT ) − a2bM2

pr (2.11)

and

Ω2 (p, Tpr) = (χ +B)1/3 (2.12)

and

χ = 2a3M3
pr + 18a2b2M3

prp− 9a2bM3
prRT (2.13)

B =
√

(χ + 4Ω1 (p, Tpr)] (2.14)

The positive ρ solution is chosen so that the d is not imaginary. By substituting 2.7 and

2.10 into 1.9 in Chapter 1 one gets

D (p, Tpr) = k





H − CT

f 2
(

M
3b

+ 0.42Ω1(p,Tpr)
abΩ2(p,Tpr)

+ 0.264Ω2(p,Tpr)
ab

)





1

3

(2.15)

After substituting the values of the constants a, b, Mpr, R, H and C, as presented in Table 2.1,

the droplet diameter relation reduces to

D (p, Tpr) = k











0.05 − 0.0001Tpr

1.1 × 105Mpr + 1.6 × 105
(
√

M6
prF

2 + 4G3 +M3
prF

)1/3
+

M2
pr(7.6×103−3.83×10−5−10.33Tpr)

(
√

M6
prF 2+4G3+M3

prF)
1/3











1

3

(2.16)

where

F = 3.3 × 10−1 + 5.0 × 10−9p− 6.8 × 10−4Tpr (2.17)

and

G = 4.1 × 10−4Tpr − 3.0 × 10−1 + 1.5 × 10−9p (2.18)
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When calculations are done for temperatures between room temperature and the boiling

temperature of water (100◦C) and for pressures around atmospheric pressure, then F and G

tend to be negligibly small and the droplet diameter expression finally reduces to

D (p, Tpr) = k









0.05 − 0.0001Tpr

1.1 × 105Mpr +
M2

pr(7.6×103−3.83×10−5−10.33Tpr)

(
√

M6
prF 2+4G3+M3

prF)
1/3









1/3

(2.19)

The advantage of this presently proposed model is that it does not require the investigator

to look up values of surface tension and density for every precursor solution. Indeed these

values are usually not available in literature. These difficult-to-measure constants have been

replaced by constants that are widely available in handbooks and thermodynamics textbooks.

The present model however adds sophistication to the UNSP set up in that the system

pressure, volume and the precursor temperature have to be monitored during experiment by

an addition instrumentation. This is a good practice for accuracy’s sake.

Table 2.1: Table of constants for the present proposed model

Symbol NH4VO3 precursor for VO2 (NH4)6W7O24.6H2O precursor for WO3 Units

Mpr 116.98 1887.19 a.m.u

Gas constant,R 8.2 8.2 Jmol−1K−1

a 0.5507 0.5507 Jm3mol−2

b 3.04 ×10−5 3.04 ×10−5 m3mol−1

Cpr 10 6.7 kg m−3

Mp 82.941 231.84 a.m.u.

ρp 4330 7200 kg m−3

2.1.1 Droplet diameter as a function of the precursor temperature

The current model has been analyzed in order to get a picture on the effects of p and Tpr

on the droplet diameter D. At constant pressure (atmospheric) the D(Tpr) relation reveals a

profile as illustrated in the two-dimensional plots of the D in as a function of Tpr in Figure

2.1.
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Figure 2.1: A plot of the droplet diameter D versus precursor temperature at a constant

UNSP system volume of 3 liters and a constant atmospheric pressure

The plot in Figure 2.1 reveals the fact that, due to the reduction in surface tension as the

precursor temperature is raised, the droplet diameter also tends to decrease. This is true

for both precursors considered in this study. Droplet diameters calculated using the Lang’s

constant gives smaller values than using Jokanovic’s constant as expected. It can also be

seen from this graph that the WO3 precursor solution produces smaller droplets than those

of VO2.

2.1.2 Droplet diameter as a function of the USP system pressure

The current model was used to show droplet size profile at constant (room) temperature at

varying pressure and a typical plot is as presented in Figure 2.2.
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Figure 2.2: A plot of the droplet diameter against USP system pressure around atmospheric

pressure at a constant UNSP system volume of 3 liters

.

Again, one sees that increasing pressure tends to stress the droplets and smaller droplet

diameters are obtained.

2.1.3 Droplet diameter as a function of USP system volume

This is not clearly apparent from the Van der Waal’s equation inclusion into this model since

volume cancels out. This only uncovers inherent weaknesses in the van der Waal’s equation

of state bearing in mind the experimentally and inexplicable effect volume occupied has on

the size of the droplets as will be mentioned later on in this dissertation.

In this study, the Bernoulli’s theorem of conservation of energy of fluid flow in channels

of varying cross-sectional area was considered useful in deriving the relationship between

droplet size and the volume it occupies. Starting from the fact that when all fluid parameters

of pressure, density and velocity at different positions in the flow system are not constant,

Bernoulli’s theorem states that
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p+
1

2
ρv2 + ρgy = constant (2.20)

Operation of the Chain rule to these varying parameters, following the ρ=m V substitution,

yields

dp+
[

1

2
mv2 +mgy

]

dV + ρvdv + gρdy = 0 (2.21)

And the assumption that droplet size change with velocity is not large and more or less

constant in a typical materials deposition process, then dv is almost equal to zero and the

expression reduces to

dp = −EdV − gρdy (2.22)

where E is the total energy of the droplet. If droplet diameter is introduced into this relation,

it is possible to write

dD

dp
= − dD

EdV + gρdy
(2.23)

which indicates that either at a constant position y but varying volume V

dD

dp
∝ − dD

EdV
(2.24)

or for a fixed volume of the system V but varying position y

dD

dp
∝ − 1

gρ

dD

dy
(2.25)

A plot of droplet diameter versus USP system volume in line the above discussion is given is

Figure 2.3.

The plot reveals how critical the volume of the USP system is in influencing the size of the

droplets. For reasons not yet understood, the larger the volume that droplets occupy in the

USP system the larger the droplets formed. It can also be seen from these analyses that
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Figure 2.3: A plot of the droplet diameter as a function of the USP system volume at a

constant UNSP system pressure of 1 atm (100kPa) and a constant room temperature of

298K

precursor materials with large molecular masses tend to form smaller grains in line with

Equations 1.10 and 1.11. The results chapter in Chapter 4 has some recent experimental

findings that confirm the theory discussed in this section.

2.2 Phonon confinement model for Raman intensities

from nanocrystals and the present proposed exten-

sion of this model to microcrystals

Phonon confinement models were developed in the 1980’s to account for the experimental

observations for micro-crystalline Si films by Richter et al (1981)[1]. In fact, during this

time, these authors named this model ”SPATIAL CORRELATION MODEL”[88]. The de-

velopment of these models came about after experimental observations that when materials

had some disorders, the characteristic peaks in a Raman spectrum of such materials showed

shifts in peaks either blue-shift (to higher frequencies) or red-shift. In addition peaks were
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seen to broaden in an asymmetrical manner especially toward the lower frequency side of the

peak. This led Richter et al to suggest the following expression for intensity as a function of

the Raman frequency:

I (ω) =
∫ ∞

−∞

d3q |C (0, q) |2

[ω − ω (q)]2 +
(

Γ0

2

)2 (2.26)

where |C(0,q)|2 are the Fourier coefficients and q if the wave number or wave vector and a is

the lattice constant. ω(q ) is the phonon dispersion equation and Γ0 is the natural (or bulk)

width (FWHM) of the Raman peak.

Faucet and Campbell (1986) tried several Fourier related function including the Gaussian,

the sine function, the Lorentzian and other peak functions in order to fit some Raman spectra

of disorder SiO2. From this study, they found that the Gaussian gave the best fit. Since then,

a number of author have tried several functions but the Gaussian remain the ubiquitous one.

2.2.1 Phonon confinement model

For a perfect crystal, conservation of momentum requires that, in first order Raman scatter-

ing, only optic phonons near the centre of the Brillouin zone (q=0) are involved and contribute

to the observed Raman peak. In disordered materials or spatially confined systems due to

lack of long range order, the q vector selection rule does not apply and the range of q vectors

having their wave vectors non-zero are also accessible. As a result, a contribution from q 6=
0 phonons determined by the dispersion relation ω(q) is allowed.[92] This is what is believe

to account for the asymmetric broadening of the Raman peaks in nanometric materials.

If one considers two Raman spectra A and B of a material in bulk form (A) and in nanocrystal

form (B) in Figure 2.4.

It has been widely observed that when nanocrystal diameters get into the region of less than

100 nm the Raman peaks emanating from such NCs are asymmetrically broadened. This has

been explained as being due to the spatial confinement of phonons in a finite volume (of the

order of a few angstroms[2]). In this case, this phonon confinement is expected to relax the

wave vector selection rules and cause modifications in the bulk Raman peaks, such as peak

39



ww1 2
w3

Raman
Intensity I(w  )2

I(w  )
1

I(w  )3Ρ2 Ρ3ΛΡ1
Λ Λ

Α

Β

ω

Figure 2.4: An example of the effect of size of crystals on the Raman spectra- curve A: bulk

and curve B: nanocrystal

frequency shifting, peak broadening, and emergence in peak asymmetry[3]. An expression

of Raman intensity as a function of phonon dispersion for a given peak frequency was first

derived and reported by Faucet and Campbell in 1986 [2] and generally given as

I (ω) =
∫ ∞

−∞

d3q e
−
(

q2d2

4π2

)

[ω − ω (q)]2 +
(

Γ0

2

)2 (2.27)

where q is the wave number and ω is the frequency of a particular phonon, ω(q) is the

dispersion relation for the material, d is the grain size and Γ0 is the natural line width for the

particular material. One complication has been the limits of the integral in Equation 2.27;

some author take the integral from 0 to ∞, others from -∞ to +∞ while in some cases it

is evaluated from 0 to the first Brillouin zone (2π/a) where a is the lattice constant. In all

cases the integral has often been evaluated numerically.
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2.2.2 The present modification to the phonon confinement model

It has been reported by Kubo et al[87] that the ratio of the integrated Raman scattering

intensities of the W=O band to that of the O-W-O band in the region of 600- 900 cm−1

can be employed as the measure of the relative cluster size. The quantity of W=O terminal

bonds around the cluster is inversely proportional to the cluster size. Kubo et al made this

assertion purely from empirical evidence of the temperature dependence of the cluster size

in WO3. Grain size direct correlation to annealing and/or deposition temperature is a well

documented fact and this has also been shown in this work (especially on page 86 in Figure

4.12) that grain size and deposition temperature are directly related.

Figure 2.5: Ratio of intensities of peak 800 to 960 cm−1 found by Kubo et al and report by

Bittencourt et al (Ref. 1)

Having found similar results to those of Kubo et al which are as illustrated in Figure 2.5,

in this dissertation, an attempt has been made to quantify the fact that the ratio of Raman

peak intensity of neighboring peaks can be correlated to the mean diameter of the grains

even outside the restricted minimum of 100 nm. This ratio of neighboring peak intensities is

first represented as a ratio of the integral in Equation 2.27 as follows:
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I (ω1)

I (ω2)
=1 Π2 =

∫∞
−∞

d3q e
−

(

q2d2

4π2

)

[ω1−ω(q)]2+(Γ0
2 )

2

∫∞
−∞

d3q e
−

(

q2d2

4π2

)

[ω2−ω(q)]2+(Γ0
2 )

2

(2.28)

The task is first to substitute a suitable phonon dispersion relation ω(q) to the system one

is studying. Different transition metal oxides have different ω(q) relation [81] ⇁ [88] as

tabulated below:

ω(q) =



































































































k + hcos (πq) , Si(NCs)

143.5cm−1 + (164cm−1)sin2
(

πq
1.51779

)

, T iO2

815.6 − 72q2, Zr5T iO4

143cm−1 + 28 (1 − cos(aq)) , T iO2

143cm−1 + 102 (1 − cos(aq)) , T iO2

ω1 = 69 − 13.52q + 1042q2 − 4264q3 + 6863q4, c− Bi

ω2 = 96.8 − 18q − 99.1q2 + 120q3 − 40.4q4, c− Bi

ω2(q) = 4.7 × 104cm−2 +
[

(4.7 × 104cm−2)2 − (2.2 × 104cm−3)sin2 aq
2

]1/2
, SiO2/CdS

(2.29)

The second problem is to evaluate each integral in Equation 2.28 and obtain a compact

relation between 1Π2 and grain size, d. To reduce further clumsiness, it is easier to evaluate

one integral at a time and then proceed to taking the ratio of the proceeds. The numerator

integral in Equation 2.28 can be rearranged thus:

I (ω1) = Γ0

∫ ∞

0
e−

q2d2

4π2

[

1 +
4 (ω1 − ω(q))2

Γ2
0

]−1

d3q (2.30)

The expression in square parenthesis in Equation 2.30 can be expanded using the binomial

theorem as given:

[

1 +
4 (ω1 − ω(q))2

Γ2
0

]−1

=



1 − 4 (ω1 − ω(q))2

Γ2
0

+

[

4 (ω1 − ω(q))2

Γ2
0

]2

−
[

4 (ω1 − ω(q))2

Γ2
0

]3

± . . .





(2.31)

Insertion of the acoustic (−) and the optical (+) phonon dispersion relation of a general
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nature as

ω(q) = A± Bq2 (2.32)

(see Appendix 2 for the choice of this form of the phonon dispersion relation) in Equation

2.31 and further expansion leads to

[

1 +
4 (ω1 − ω(q))2

Γ2
0

]−1

= 1 −
[

ǫα0q
0 + ǫα2q

2 + ǫα4q
4 + ǫα6q

6 + . . .
]

(2.33)

where

ǫ =
4

Γ2
0

+

(

4

Γ2
0

)2

+

(

4

Γ2
0

)3

+ . . . (2.34)

and

α0 = (ω1 − A)2 + (ω1 −A)4 + (ω1 − A)6 + . . .

α2 = −2B (ω1 − A) − 4B (ω1 −A)3 − 6B (ω1 − A)5 − . . .

α4 = B (ω1 + A)0 + 6B (ω1 + A)2 − 15B (ω1 + A)4 + . . .

α6 = −4B (ω1 − A) − 20B ((ω1 + A))3 − . . .

α8 = B + 15B (ω2
1 − A2) + . . .

α10 = −6B (ω1 −A)

α12 = B + . . .

(2.35)

Having successfully done the binomial expansion, it is now easier to perform the integral in

Equation 2.30 but this can only be achieved by a change of variables from q to ̺ in spherical

co-ordinates as follows:

∫ ∞

0
d3q = 2π

∫ π

0
sinψdψ

∫ ∞

0
̺d̺ = 4π

∫ ∞

0
̺d̺ (2.36)

q2 =
1

3
̺2 (2.37)

Equations 2.36 and 2.37 are substituted into Equation 2.30 and the integral is evaluated
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bearing in mind the standard integrals

∫∞
0 xneνx2

dx = f (n)

f (0) =
√

π
ν

f (1) = 1
2ν

f (2) = 1
4

√

π
ν3

f (3) = 1
2ν2

f (4) = 3
8

√

π
ν5

f (5) = 1
ν3

(2.38)

This then transforms Equation 2.30 to the following

I (ω1) = Γ0

∫ ∞

0
e−

d2̺2

12π2

[

1 − ǫα0 −
1

3
ǫα2̺

2 − 1

3
ǫα4̺

4 − 1

3
ǫα6̺

6 − . . .
]

d̺ (2.39)

which upon evaluation gives

I (ω1) = Γ0

[

γ1

d
− γ3

d3 − γ5

d5 − γ7

d7 − . . .− γ2i+1

d2i+1

]

, i ∈ ℵ
γ1 = (1 − ǫα0) π

√
12π

γ3 = ǫα2π
3
√

12π

γ5 = 12ǫα4π
5
√

12π

γ7 = 576ǫα6π
7
√

12π

(2.40)

This equation suggests that as d−→∞

I (ω1) −→ Γ0γ1

d
, bulk (2.41)

Most authors have used Raman intensity versus the inverse of grain diameters only empirically

and have tried to convince readers that what they obtain are linear fittings. What has been

in all this theoretical ramification is a ground- breaking evidence of the experimental findings

that many researchers take for granted. The immense celebration however is only limited

to the fact that the linearity in Raman intensity and inverse of grain diameter only applies

when one neglects the higher terms in Equation 2.43 and only considers the first term. Non-

linearities are clearly apparent when one includes the higher terms and this, more often than
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not, is the reality. So, based on Equation 2.43, the practice of plotting Raman intensity

versus the inverse of cluster diameter is more appropriate for larger cluster systems (bulk)

than nanometric grains. That is, another simplification is required to characterize nanometric

grains.

This chapter began with the need to quantify the assertion that the ratio of the integrated

Raman intensities of neighboring peaks can be used to give a measure of the amount of

cluster size. This is proposed in this dissertation as a means of directly extracting information

pertaining to phonon dispersion relations for materials.

Since one of the integrated intensities, which is a numerator in Equation 2.28, has already

been worked out, it is possible to write the other integrated intensity, the denominator, in

the same form as in Equation 2.43 with all the γ’s replaced by a different symbol, say, µ.

Then the ratio of the integrated intensities of the peaks 1 and 2, Π1,2, can be written as:

1Π2 =
γ1

d
− γ3

d3 − γ5

d5 − γ7

d7 − . . .− γ2i+1

d2i+1

µ1

d
− µ3

d3 − µ5

d5 − µ7

d7 − . . .− µ2i+1

d2i+1

(2.42)

In this case, the µ’s take the similar form as the γ’s as follows:

µ1 = (1 − ǫβ0) π
√

12π

µ3 = ǫβ2π
3
√

12π

µ5 = 12ǫβ4π
5
√

12π

µ7 = 576ǫβ6π
7
√

12π

(2.43)

where similarly

ǫ =
4

Γ2
0

+

(

4

Γ2
0

)2

+

(

4

Γ2
0

)3

+ . . . (2.44)
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and

β0 = (ω2 −A)2 + (ω2 − A)4 + (ω2 − A)6 + . . .

β2 = −2B (ω2 −A) − 4B (ω2 − A)3 − 6B (ω2 −A)5 − . . .

β4 = B (ω2 + A)0 + 6B (ω2 + A)2 − 15B (ω2 + A)4 + . . .

β6 = −4B (ω2 −A) − 20B ((ω2 + A))3 − . . .

β8 = B + 15B (ω2
2 − A2) + . . .

β10 = −6B (ω2 − A)

β12 = B + . . .

(2.45)

Multiplying both the numerator and denominator in Equation 2.42 by the d in the last term

gives an alternative expression for the ratio as

1Π2 =
γ1d

2i − γ3d
2i−2 − . . . γ2i+1

µ1d2i − µ3d2i−2 − . . . γ2i+1
(2.46)

and, upon polynomial division, the Equation 2.46 can be re- written to

1Π2 =
γ1

µ1

+

(

γ1
µ3

µ1
− γ3

)

d2i−2 − γ1

(

µ5

µ1
− γ5

)

d2i−4 − . . .
(

γ1
µ2i+1

µ1
− γ2i+1

)

γ1d2i − γ3d2i−2 − . . . γ2i+1

(2.47)

or in shorthand to

1Π2 =
γ1

µ1

+

∑∞
i,j

(

γ1
µ2k+1

µ1
− γ2k+1

)

d2i−2(k+1)

µ1d2i−2 −∑∞
i,j µ2k+1d2i−2(k+1)

(2.48)

This equation as opposed to Equation 2.43 show that as d −→ 0 only some values of i and

j are allowed. The lowest allowable values are i=2 and j=1. Hence one gets

1Π2 =
γ1

µ1

+

γ1

µ1

µ3

µ1
− γ3

γ1

d2 − µ3

µ1

(2.49)

For d2 ≫ µ3/µ1, one gets

1Π2 = γ1

µ1
+
(

γ1

µ1

µ3

µ1
− γ3

µ1

)

1
d2 , nano (2.50)
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This equation now shows that the simplification of the relationship between 1Π2 and cluster

size can only be possible if higher terms are neglected. That is, the ratio in Equation 2.47

tends only to inverse of d for very small (nanometric) grains and a plot of 1Π2 versus the

inverse of d2 becomes more linear when grain diameters are in nano-meter regions. This then

means that this Equation 2.50 can be more appropriate for characterization of nanometric

grains and Equation 2.43 would be good for bulk.

2.3 PC model linearization, size distribution and phonon

dispersion relations

The present proposed linearization of the phonon confinement model brings out two major

benefits:

1. If one has phonon dispersion relations for the material one is studying at hand, normally

obtained from neutron scattering, then it is possible to use the PC model, especially

the present linearization of it (Equations 2.41 and 2.50), to estimate the sort of

size distribution of the material particles. However, due to a scarcity of these phonon

dispersion relations for many new materials, most materials researchers opt to use

phonon dispersion relations from analogous materials thus introducing some errors in

their analyses.

2. On the other hand, sufficient knowledge of the size distribution of the materials un-

der study, obtained by scanning electron microscopy or tunneling electron microscopy,

would enable one to use the present linearization of the PC model to approximately

determine the phonon dispersion relations for that material. This study therefore intro-

duces a very important tool for acquiring dispersion relations by Raman spectroscopy

for material that would otherwise not qualify for neutron scattering. Materials such

as vanadium dioxide and a number of transition metal oxides are said to have very

large neutron scattering angles and thus render themselves difficult material with re-

gard to neutron scattering. To this end, Raman spectroscopy and especially the present
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linearization of the PC model offers a simple method for obtaining this important in-

formation.

In this discussion, considering Equation 2.41 and substituting all components for ǫ and α0

yields the following expression:

I (ω1) =
Γ0π

√
12π

[

1 −
{

4
Γ2

0

+
(

4
Γ2

0

)2
+
(

4
Γ2

0

)3
+ . . .

}

{

(ω1 − A)2 + (ω1 −A)4 + (ω1 − A)6 + . . .
}

]

d
(2.51)

In the above Equation 2.51, if a plot of Equation 2.51 with d−1 on the x-axis is made, it will

give the numerator as the slope of the graph and the slope is more likely to be negative as

seen in the equation. This confirms the present findings as presented in the results chapter.

If the slope of this graph is represented as Sbulk and only the first terms are considered in the

equation then Sbulk can be written as

Sbulk = Γ0π
√

12π

[

1 − 4 (ω1 − A)2

Γ2
0

]

(2.52)

and it is possible to factor out one component of the phonon dispersion relation, A, as given

in Equation 2.53

A = ω1 ±
√

ω2
1 −

[

ω1 − 1
2

(

1 − Γ0Sbulk

π
√

12π

)]

, bulk (2.53)

This means that for the case of bulk-material PC model linearization, only one component

of the phonon dispersion relation can be obtained.

However, if the same analysis is done to the equation for nanometric materials as given in

Equation 2.50 by first substituting all the components of the variable symbolized as γ and

µ, one obtains the following:

1Π2 =
1 − ǫα0

1 − ǫβ0
+

(

ǫβ2π
2

1 − ǫβ0
− ǫα2π

2

1 − ǫα0

)

1

d2
(2.54)
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A plot of Equation 2.54 against d−2 will give an intercept, C, of the following form:

C =
1 − ǫα0

1 − ǫβ0

(2.55)

After substituting the first terms only (as before) of ǫ, α0 and β0 into Equation 2.55 and

performing a bit of algebra, an expression for the first component of the phonon dispersion

relation, A, for the nanometric case is obtained and given as

A =

[

−(ω2C−ω1)±

√

(ω2C−ω1)
2−(1−C)

{

ω2
1
−ω2

2
C−

Γ2
0

16

}

]

2(1−C)
, nano

(2.56)

Also from a plot of Equation 2.54 a second simultaneous equation is obtained from the slope

(symbolized as M) given as

M = Cǫπ2β2 − α2

1 − ǫβ0
(2.57)

After the similar substitution, the following expression for the second parameter in the phonon

dispersion relation is found:

B =
MΓ2

0

8π2

(

1 − 4Γ−2
0 (ω2 −A)2

(ω1 −A)
− C (ω2 − A)

)

(2.58)

With A already known from Equation 2.56, then the second parameter in the phonon

dispersion relation, B, can also be calculated.

Chapter 4 illustrates how this approach has been used in the present study to obtain phonon

dispersion equation for tungsten trioxide.
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Chapter 3

Experiments

Precursors of ammonium metavanadate, NH4VO3 (coded AMV), ammonium metavana-

date mixed with vanadium trichloride, NH4VO3 + VCl3 (coded AMVC), and ammonium

metatungstate hydrate, (NH4)6W7O24.6H2O (coded AMTH) were prepared in different con-

centrations. The AMV was a whitish yellowish powder with molecular weight of 116.98,

density of 2.326 g/cm3 and a melting temperature of 200oC. Similarly, the AMTH was a

white powder with molecular weight of 1887.19 density of 3.294 g/cm3 and melting temper-

ature of 470oC.

Scoops weighing 6.0 g and 4.1 g of AMV and AMTH respectively were dissolved in 600ml of

distilled water and mixed well using a magnetic stirrer on a hot plate at around 70oC. The

so-made solutions were one after the other then decanted into the container that was housing

the ultrasonic nebulizer operating at a frequency of 1.7MHz as illustrated in the schematic

diagram of Figure 3.1 A photograph of our USP system under operation is given in Figure

3.1(b) and a schematic set up is illustrated in Figure 3.1(a)

This consisted of the ultrasonic nebulizing unit, the furnace unit (The furnace was a REX

D100 supplied by RKC Instrument Inc., Tokyo, Japan), the carrier gas unit and the exhaust

system. The ultrasonic nebulizer was composed of seven piezoelectric transducers driven at

a frequency of 1.7 MHz by a ultrasonic generator supplied by TDC Power Products Co. Ltd,

Germany shown in Figure 3.2

Substrate materials underwent the usual rigorous cleaning procedure of detergent- ultrasonic
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bath- alcohol ultrasonic bath until the substrates qualified for deposition. A DeContamTM

and Cleen GreenTM detergents supplied respectively by Electronic Space Products Interna-

tional and Wynn Oil South Africa (Pty) Ltd were used. The ultrasonic bath was one of

Elma Transsonic supplied by Elma Hans Schmidbauer GmbH & Co5, Germany illustrated

in photograph labelled as Figure 3.3

Depositions were done on different types of substrates, at various furnace temperatures, at

various substrate positions in the furnace and various carrier gas conditions. A number of

VO2 samples were prepared from NH4VO3 solution using the highest flow rate the flow meter

could allow and making deposition for 40 minutes. With these setting only temperature of

decomposition was varied between 400oC and 700oC. It was observed that the precursor

solution temperature also changed- from 23 to 85oC. The substrate material quartz was

chosen for its high temperature tolerance and these substrates were carefully placed evenly

along the quartz tube that was running through the furnace. For other substrates- borosilicate

and Corning glass- these were placed at the exit of the furnace. Other carrier gases such as

hydrogen and oxygen were also tried in order to study the effect of the nature of the carrier

gas. Flow rates were also varied to optimize the best flow rate from as high as 18 liter per

minute to about 8 liters per minute. Samples in this category of synthesis were labeled as V1,

V2, V3 up to V10. The other category of samples was arrived at by finding out the weakness

in the former precursor solution. This was after X-ray diffraction and thermochromism

experiments on the VO2 samples in the former had shown presence of small amounts of VO2

overshadowed by V2O5. In the latter category, it was decide the precursor was to be enriched

with VCl3 so that the valence of VO2 was satisfied. With the argon flowrate optimized at 11

liters per minute interesting properties of VO2 were clearly apparent in this category.

As for the deposition of WO3, the same optimization procedures were followed as those for

VO2. In this last category, the interest was not focused on obtaining WO3 as such but

producing various sizes of the grains on the samples bearing in mind the WO3 applications of

gas sensing. To obtain varying structural and morphological texture in the WO3 sample, the

temperature of the deposition process was carefully regulated and varied from 100 to 700oC.

The samples, labeled W1, W2, W3 up to W7 showed very interesting optical and structural

properties as presented in the results chapter.
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Structural studies of the as- deposited nano-particles were done using a Powder X-ray Diffrac-

tometer with a Cu Kα wavelength of 0.154184 nm

The rotating anode in Figure 3.4 is a copper target which decelerates the incident electrons

which in turn emit ”primary” X-rays. These rays are then focused onto the crystal (sample)

set on a slowly rotating stage (2θ variable). The speed of rotation determines the scan rate of

the X-ray diffractometer. The detector can be an area-type of detector or an intensity sensor

that can convert the value of intensity into a current or voltage which is then datalogged by

a computer, through appropriate software, for a plot of intensity versus 2θ.

Optical properties of transmittance or absorbance were conducted using a VARIAN CARY

UV-Vis-IR spectrophotometer illustrated in Figure 3.5. This was done to ascertain the

amount of switching capability of the as- prepared samples at and around the VO2 transition

temperature (68oC).

The scanning electron microscope (SEM) that was used in this study was a Jeol JSM-5600

type. (The SEM in general creates the magnified images by using electrons instead of light

waves. The SEM shows very detailed 3-D images at much higher magnifications than is

possible with an optical microscope. Samples have to be prepared carefully in order to with-

stand the vacuum inside the microscope. Because the SEM illuminates them with electrons,

the samples also have to be made to conduct electricity. In this case, the VO2 and WO3

samples were coated with a thin film of carbon of thickness of about 1 nm per cm2. Between

the electron gun and the sample was placed a high voltage source, typically, about 15kV, in

these experiments. After the air was pumped out of the column, an electron gun [at the top]

emitted a beam of high energy electrons. This beam traveled downward through a series of

magnetic lenses designed to focus the electrons to a very fine spot. Near the bottom, a set of

scanning coils moved the focused beam back and forth across the specimen, row by row. As

the electron beam hit each spot on the sample, secondary electrons would be knocked loose

from its surface. A detector counted these electrons and sent the signals to an amplifier.

The final image was built up from the number of electrons emitted from each spot on the

sample.)

A typical SEM set up similar to the one used in this study is illustrated in Figure 3.6

52



Analysis of SEM images was carried out using Image ToolTM . This is a free software down-

loadable from the internet but has features like scanning the image surface for objects, count-

ing, measuring diameters, perimeters, calculating area and many more parameters. The def-

inition of the parameters contained in Image ToolTM are presented in the first appendix. To

properly interpret the images and to accurately measure the particle sizes, there was need

to be sure of the relationship between the attributes that are featured on and accompanies

each SEM image: that is, micron marker (LSEM) in µm, the magnification (Msem) and the

measured length of the micron marker (Lmm) in mm. We got the best linear relationship

when the data obtained followed the fitted line

Lmm

LSEM
(4.0Msem − 124) × 10−4 (3.1)

with coefficient of correlation of r2=0.9998 an indication of almost 100% correlation.

The linearity in the relationship between spatial measurement ratios and SEM magnification

gave a clue that the manual measurement lpixel in the image analysis software, Image ToolTM ,

followed the same relationship which was found to be

lpixel

lSEM
= 0.00512M − 0.16 (3.2)

With these calibration procedures in place image analysis of our so- obtained scanning elec-

tron microscopy images were completed. The results of these analyses are presented in the

Chapter Four.
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(a)

(b)

Figure 3.1: A schematic representation of the ultrasonic nebulizing spray pyrolysis technique

and a photograph of the system used in the present work
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Figure 3.2: A photograph of the ultrasonic transducer that was used to produce droplets

through out the present study

(a) (b)

Figure 3.3: A photograph showing (a)the work table with starting materials and other allied

equipment (b) the ultrasonic bath where subtrate could be cleaned before deposition
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Figure 3.4: A schematic illustration of the pertinent components of a standard X-ray diffrac-

tometer

Figure 3.5: A layout of a standard spectrophotometer for analysis of electromagnetic radiation

in the UV-Visible-IR regions.
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Figure 3.6: An illustration of a typical scanning electron microscope that was employed in

the present study
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Chapter 4

VO2 and WO3 characterization results

In this chapter, findings on the present attempt to resolve the conflict between measured

and calculated grain sizes obtained by ultrasonic spray pyrolysis on various materials are

presented. Also the data from the present work are included in the analyses. Also outlined

are the characterization results from the VO2 and WO3 samples- X-ray diffraction, UV-Vis-IR

spectroscopy, Scanning electron microscopy and other pertinent observations.

4.1 Size of droplets and the resulting grains and the

Lang-Jokanovic models

Comparisons of calculated and measured grain sizes are best presented by plot a scatter

graph with each parameter on each axis as illustrated in Figure 4.1 and Figure 4.2. Data

pairs from each author are plotted on these charts and compared with the ideal straight.

Any data pairs falling on this ideal imply that their calculated grain size is exactly equal to

their measured size.

From the pool of over seventy publications [93] ⇁ [169], all the data on experimental and cal-

culated grain sizes have been compared and relationships have been found between calculated

particle sizes and those obtained either from scanning electron microscopy using image anal-

ysis techniques or X-ray diffraction using the Scherrer equations 1.12 and 1.13 in Chapter
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One.

Whether one uses the Lang or the Jokanovic equation to calculate the grain sizes, the mea-

sured sizes are always a distribution around a mean size. The standard deviations give the

amount of spread and, within experimental error in line with Equation 2.4, most previous

findings are outside the allowed regions as the graph in Figure 4.1 shows. Also, a num-

ber of authors reviewed did not give enough information about either how the so- declared

grain sizes were obtained or the pertinent data, such as frequency, density of surface tension,

required to calculate the sizes in cases where these sizes are not pre- given. For instance, dur-

ing the review process, it was imperative to contact one of the previous authors, Dr F Attay

[107],[109], to get data on density, concentration, droplet distribution, ultrasound frequency

and other kinds of data.

Above all, the charts in Figures 4.1 and 4.2 show that most researchers have so far been

very far away from the ideal case of calculated diameters by Jokanovic and/or Lang model

being equal or in the neighbourhood of the measured diameters. These previous discrepancies

prompted the present refinement of the Jokanovic and Lang models as presented in Chapter

Two.

The present refinement has shown that droplets, from where the resulting grains/ particles

are obtained, shrink in size as the temperature of the precursor and the pressure of the

USP system rise. The droplet-temperature and droplet-pressure profiles are however slightly

different. For the former case, the droplet diameter decreases at an increasing rate as temper-

ature rises from room to about boiling point of the precursor. The present model estimates

that from room temperature to boiling point, the diameter falls by about 16.7 percent of the

original diameter. However, the choice of the type of model equation to use is crucial. The

difference in calculated droplet diameter between using Jokanovic and Lang equation turns

to be a factor of an awesome 68 percent. This is shown in each graph in Figure 2.1, 2.2

and 2.3. The droplet diameter-pressure profile in Figure 2.2 similarly shows a decrease in

droplet diameter as pressure rises from a little below atmospheric pressure to slightly above.

The droplet shrinkage, in contrast to that of precursor temperature, decreases at a decreasing

rate. Also the droplet shrinkage is estimated to be by a factor of 14 per cent of the original

diameter in the neighbourhood of atmospheric pressure. This means that precursor tempera-
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ture has more effect than pressure in general. At the time of writing this dissertation, recent

data from Parent et al (2005) [89] [89] and Hopkins et al (2005)[90], respectively on droplet-

pressure and droplet size- temperature, were encoporated to validate the finding. Fitting of

the present model to these data is presented in Figure 4.3

The most interesting parameter and which requires scientific explanation is the volume either

of the USP system or that occupied by the droplet; which ever terminology fits the description

of V in the model. In Figure 2.3, the sharp increase of droplet diameter as volume increases

especially around 0.1 m3 is still a subject of discussion and this is an inexplicable phenomenon.

However, this sharp increase in droplet sizes with the volume they occupy has been observed

in droplets generated by electrostatic means by Priol et al [91]. In their observation, they

used a Malvern’s Spraytec system to measure the size of the droplets. The system was

designed for real-time high-speed measurements running at a time-resolution of 400 micro-

seconds and fully automated. The size measurement system is based on Mie theory. The

illuminated droplet scatters light such the scattered light’s intensity and amount of scatter

gives information about the size of the droplet. Priol et al (2005) first compared the size

distributions of two different injectors: one with length-diameter (L/D) ratio of 2 and the

other of 10. In the latter case, they found that the so- produced jet had more droplets

with diameters of 100 microns, whereas for the one with L/D of 2, ”...25 per cent of the

total volume is occupied by droplets which have a maximal diameter of 65 micrometers...”

In short, what Priol et al found is that small droplet tend to occupied small volume and the

reverse is true for large droplet. To put it the other way round, large volumes tend to contain

large droplets whereas small volumes tend to contain small droplet. One of the charts Priol

et al (2005) presents is reproduced in Figure 4.4

4.2 Optical measurements of the VO2 and WO3 sam-

ples

It is interesting to note that furnace temperature and the nature of the carrier gas have such

a great effect on the nature of deposited nano- particles. At low temperatures, the deposits
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from the meta-vanadate precursor had yellow color; at high temperatures the colors shifted

to bluish, gray and blue- black. The same applied to the deposits from meta- tungstate: from

white at low temperatures to yellow at high temperatures.

UV-Vis-IR transmittance spectroscopy is useful in revealing the switching properties of VO2

from the room temperature monoclinic structure to a tetragonal rutile-type structure at above

68oC. Very small amount of switching was observed in samples prepared from a precursor of

NH4VO3 with carrier gases of argon or hydrogen or oxygen.

The samples prepared using NH4VO3 enriched with VCl3 had a remarkable switching im-

provement when transmittance was measured at different ambient temperatures. Typical

transmittance thermal-modulation curves are represented in Figure 4.5 during heating and

cooling. The sample V13 synthesized at 600oC under argon shows a transition temperature

around 60oC and a switching temperature resolution of HW = 20oC (as shown in the hystere-

sis plots in Figures 4.6) not only reveals the crystal quality but also signifies the broadening

possibly due to particulate size. The switching contrast is significantly reduced in the sample

synthesized at 700oC (V14) as expected where the particulate size is supposedly larger than

on the V13 sample (Figure 4.7). The V15 sample shows an average resolution of about

7oC. One can also easily see the relationship between switching factor of a sample and the

temperature at which it was synthesized.

A completely different transition is observed in the VO2 sample prepared at 700oC but under

oxygen. A transition temperature of around 23oC can clearly be seen as illustrated in Figure

5.3. The role of oxygen in the change of properties is suspected but also a slight effect of

tungsten from the remnants of the ammonium metatungstate precursor at preparation and

handling stages might be responsible for this shift in transition temperature.

4.3 VO2 and WO3 crystal structure confirmation by X-

ray diffraction experiments

X-ray diffraction revealed very prominent peaks belonging to VO2 crystal faces such as (100),

(110) and (011) in a sample prepared on window glass at 700oC as illustrated in Figure
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4.9. This suggests the VO2 crystallites are randomly ordered rather than preferring some

direction. Hydrogen carrier gas tends to bring other phases of VO2. In all cases in this group

of samples, the presence of other phases inhibits the manifestation of the VO2 properties

hence the switching factor so observed.

It is also worth observing that the temperature of deposition affects the morphology of the

as-deposited particles. This can be seen in the appearance of sharper and more prominent

peaks as temperature of deposition is increased.

For tungsten trioxide, it was observed that it was much easier to obtain WO3 from its

precursor aqueous solution of (NH4)6W7O24.6H2O than to obtain VO2 due to fewer phases

of tungsten oxides. The only possible phase known is WO2 which is not stable. The most

stable phase amongst tungsten oxides is WO3 whereas, among vanadium compounds, there

is V2O5 as the most stable. The same effect of synthesis temperature was also seen on the

morphology and crystallinity of WO3. This can be seen from the absence of prominent X-ray

peaks in a sample prepared at 400oC in Figure 4.10.

In order to characterize the morphology of the particulates and crystallites on the so- obtained

samples, the Scherrer equation (Equation 1.12 and 1.13) in Chapter 1 was employed to

estimate the particulate sizes. This analysis confirmed the initial expectations that the

present work’s crystallites would have sizes in the nanometer scale.

4.4 VO2 and WO3 phonon signatures by Raman spec-

troscopy

4.4.1 Raman spectroscopy results for VO2

A number of authors have published their Raman study findings in various forms of VO2

whether crystalline, amorphous or singe crystals. Raman intensities are much higher from

crystals. However, little is done in nanometric powders due to the weakness of the Raman

signal from these samples. In this work intensity of the exciting laser had to be set at a

considerable amount in order to get some signal from our nano-metric samples. At about
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x200 magnification, one could see that the so-prepared samples were amorphous mixed with

islands of single crystals. In Table 4.1 these previous findings are presented alongside the

present findings.

From the table, it is found out that the present work’s data matches with most previous

findings conducted at room temperature. In fact, the present work supersedes most of the

previous studies in as far as the ability to observe phonon modes having lower and much higher

Raman frequency shifts is concerned. Any observed differences in characteristic wavenumbers

and their assignment among authors in Table 4.1 is seen to be due to several factors: (1)

sample preparation differences, (2) some were taken at room temperature where others carried

out Raman measurements at low temperatures, (3) machine type differences including the

type of laser used for sample excitation.

4.4.2 Raman spectroscopy results for WO3

In their Raman spectra of WO3 for the temperature range from 100K to 650K, Gabrusenoks

et al (2001)[80] noted that the phonon activity may be grouped in a set of two ranges: high

at 600-800 cm−1 and low at 30-400cm−1 and this, in agreement with previous investigations

is attributed to successive deformation of the cubic lattice giving rise to the observed Raman

activity of phonons. Gabrusenoks et al (2001)[80] also reiterate the fact that from group

theoretical analysis of the ”wolframite...” the structure with C42h (P2/c) space group gives

the distribution of the vibrations into the irreducible representation as

Γ = 8Ag + 10Bg + 7Au + 8Bu (4.1)

where Ag and Bg are Raman active while Au and Bu are infrared active.

Lee et al (2001)[84] found a relatively sharp peak at 950 cm−1 which they attributed to

the W6+=O stretching mode of terminal oxygen atoms (possibly on the surface of the WO3

cluster and micro-void structures in the film. A broad peak at 770 cm−1 was attributed to

the O-W6+-O bonds whereas a weaker and broad band at 220cm−1 was seen as resulting

from W4+ states. These are similar observations made by Huang et al[81] wherein 756 and

895 cm−1 peaks are seen to be due to the O-W6+-O vibrations and 230 cm−1 peak is simply
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labeled as a Raman excited peak; no sharp peak around 950 cm−1 is reported by Huang et

al (2002) which usually is assigned to the W6+=O stretching mode in amorphous WO3. On

hydrogen insertion in which case W6+ entities are reduced by e−s to W5+, two new peaks are

seen by Lee et al (2001)[84] at 330 and 450 cm−1 at the expense of the intensities of the 770

and 950 cm−1 peaks respectively. On the other hand, Huang et al (2002)[81] observe three

new peaks on Li+ insertion: 315, 410 and 680 cm−1 which they attribute to the O-W5+-O

vibrations. This discussion is fully treated in the conclusion chapter. The present work’s

Raman spectra for WO3 synthesized at temperatures of 100 to 700oC are presented in Figure

4.13. These spectra confirm previous findings and as for VO2 spectra the present work has

enabled observations in Raman shifts much lower and much higher than observed before,

that is, shift peaks lower than 100 cm−1 and higher than 960 cm−1.

4.5 Surface morphology of the VO2 and WO3 samples

by scanning electron microscopy(SEM)

4.5.1 SEM for VO2

Interesting morphology results are presented in a sample micrograph gallery in Figures 4.11.

This is scanning electron microscopy (SEM) snapshot showing the size distribution of the

particles of VO2 synthesized at 600oC.

4.5.2 SEM for WO3

Images of WO3 samples synthesis at different system temperatures suggest an obvious rela-

tionship between the resulting grain sizes and the substrate temperature. The grains when

analyzed using Image Tool, show very fine, nanometeric size at low substrate temperatures

and generally plate-like structures of micro-meter size at high substrate temperature.

An even more interesting quantitative relationship between grain size and substrate temper-

ature is apparent when a chart of mean feret diameter of grain versus substrate temperature
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is plotted. From Figure 4.12, it can be seen that most of the grain increase in size with an

exponential growth as substrate temperatures are raised whereas another set of grains either

remain unperturbed or shrink in size.

This is attributed to both growth (due to nano-grains coalescing to form bigger grains) and

evaporation of some material from those grains that have not had the chance to coalesce

with neighboring grains. The plate-like structure is certainly due to melt down of some of

the large grains as substrate temperatures are raised.

4.6 Estimation of phonon dispersion relations for WO3

from the linearized PC model and SEM results

From the the SEM results of size controlled WO3 samples, an almost definite size distribution

was obtained as seen from Appendix 3 from page 112 of this dissertation. Having established

the relationship between grain size and substrate temperature, it is then possible, from

Raman spectra of each class of grains, to correlate either intensity of some phonons in the

grains to the temperatures of synthesis and consequently their sizes. Intensity values of the

phonons were found by fitting a Gaussian to each Raman peak for each sample. Peaks at

Raman frequencies 700 cm−1, 804 cm−1 and 960 cm−1 were fitted with Gaussian curves for

each sample synthesized at 100oC to 700oC. The Raman fitted peaks are presented in Figure

4.13

Apart from finding intensity values, the Gaussian fitting exercise also yielded the true mea-

sured frequency centres, the broadening or FWHM and the Gaussian’s offset. These fittings

are illustrated in Figure 4.13. In keeping with Equations 2.41 and 2.50 which have already

been shown to fit large and small grain sizes respectively, charts depicting intensity of chosen

phonon peak intensities versus the inverse of grain diameter were plotted and linear fitting

were done for the Equation 2.41 for bulk WO3 and Equation 2.50 for nano-WO3. All

calculations performed are summarized in a Table 4.2

This is an experimental evidence of the fact that a plot of intensity of a phonon peak versus

the inverse of the grain size of the grains can be estimated to a linear relationship only for
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relatively larger grain sizes than about 100 nm as shown in Figure 4.14. On the other hand,

a plot of the ratio of ratio of the intensities of the neighboring peaks versus the inverse of the

grain size of the grains gives a linear fit at smaller grains than 100 nm as shown in Figure

4.15 and non-linearities are apparent beyond 100 nm as expected.

It has generally been observed from both the theoretical and the experimental results that an

inverse relationship is obtained when lower intensities from lower Raman frequency phonons

is divided by higher intensities from higher Raman frequency phonons. For instance dividing

I700 by I800 where I700 is less than I800 yield an inverse relationship with grain diameter d.

On the other hand higher intensity from lower Raman frequency phonons divided by lower

intensities from higher Raman frequency phonons yields a directly increasing relationship

with d. This is clearly confirmed by the polynomial division in Equation 2.47. For small

grains the equation suggests that when I700 is less than I800 then 1Π2 is almost proportional

to 1/d2. This is the case where a smaller polynomial is being divided by a bigger one. The

reverse process yields the ratio 1Π2 being proportional to d2. In the other case where I800 is

being divided by I960 when I800 is greater than I960 a positively increasing 1Π2 at a decreasing

pace is observed as d is increased. This is probably due to the fact that these ratios may be

taken over phonons of differing natures- acoustic or optical phonons.

An important point that is implied in the equation relating ratio of intensities and grain

diameter is that, while Equation 2.50 caters for very small grains less that 100 nm in

diameter as dictated by the phonon confinement model, Equation 2.41 caters for grains

larger than that restriction. Which means Raman spectroscopy may still be used to unveil

the size distribution of even moderately larger grains than hitherto allowed. Since these are

polynomials dividing each other, new possibilities of evening viewing diameter around phase

transition is now possible by evaluating the roots of the denominator so as to determine the

asymptotic diameters.

A quick calculation of the parameters contained in the phonon dispersion relation for WO3

can be done as follows:

1. First from the table of experimental values Table 4.2 a graph of 1Π2 versus inverse

of d2 is drawn as shown in Figures 4.15. Compare with the traditional approach by
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Tuinstra and Koenig .

2. The intercept,C and the slope M are obtained from the graph. These are found from

the graph of ratio of 700 and 800 cm-1 phonon intensity versus inverse of d2 to be (0.90

± 0.02) and (1.22 ± 0.88)× 10−9 respectively.

3. Bearing mind that ω1=700cm−1 and ω2=800 cm−1 and the natural line width, Γ0 = 8

cm−1 and substituting all this information into Equations 2.56 and 2.58..

These quick calculations yeild an optical branch of dispersion relations of WO3 given as

ω (q) = 795.59 ∓ 133sin2
(

aq

4π2

)

(4.2)

or

ω (q) = 420.88 ± 108.43sin2
(

aq

4π2

)

(4.3)

This phonon dispersion equation is with an percentage error of 2.5 per cent. The fact that

804 cm−1 is the major vibrational mode in WO3, the phonon dispersion relation in Equation

5.1 is the most plausible.
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Figure 4.1: Measured grain size compared to calculated grain sizes of various materials from

various researchers. Measurements are done using either SEM or Xray diffraction and cal-

culated data are accomplished the Jokanovic model on ultrasonically generated droplets.

Present work’s calculated and measured data took into account the refinements in the

Jokanovic’s model presented in Chapter 2
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Figure 4.2: Measured grain size compared to calculated grain sizes of various materials

from various researchers. Measurements are done using either SEM or Xray diffraction and

calculated data are accomplished using Lang or Jokanovic model on ultrasonically generated

droplets. Present work’s calculated and measured data took into account the refinements in

the Lang model presented in Chapter 2
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Figure 4.5: Transmittance at different wavelengths in different samples of vanadium oxides

synthesized under argon produced from the same precursor as samples in Figure 4.5 but

enriched with VCl3 as illustrated. These were taken at a range of temperatures from room

temperature in steps indicated to any temperature above the transition temperature of VO2

(b) and the cooling the sample back to room temperature(a)
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Figure 4.6: Transmittance versus ambient temperature for a sample prepared under argon

at 600oC at different wavelength of radiation
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Figure 4.7: Transmittance- ambient temperature hysteresis plots for a sample prepared under

argon at 700oC at different wavelengths of incident radiation
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Figure 4.8: Transmittance- ambient temperature hysteresis plots for a sample prepared under

oxygen at 700oC at different wavelengths of incident radiation revealing a drastically reduced

transition temperature of about 23oC
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Figure 4.9: X- ray diffraction spectra of samples V1, V8 and V5 in descending order respec-

tively. Note the absence and/or weakness of VO2 characteristic (100) peak in all the spectra.

Other phases of vanadium oxides are obviously present thereby muffling the thermochromic

properties of less abundant VO2
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Figure 4.10: X-ray diffraction spectra for WO3 samples synthesized at 400oC and 700oC

showing WO3 being amorphous at 400oC and crystalline at higher synthesis temperature.
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Table 4.1: An outline of previous an present findings of Raman phonon modes in VO2

Petrov Schilbe Aronov Srivastava and Chase Vikhnin Pan Present Present Present

58 93

67

119 104

142 149– 149– 144– 141 153 140

191Ag 199Ag 200Ag 208B1g 194Ag 192Ag 204 193

221Ag 225Ag 226Ag 236 226Ag 225Ag

258Ag 259Bg 259Ag 260Ag 258Ag

265Ag 265Bg 264

308Ag 313Ag 313Ag 311Ag 308Ag 304 307 280

335Ag 339Ag 340Ag 337Ag 339Ag

392Ag 392Ag 392Ag 389Ag 392Ag

395Bg 395Bg

424 413 401

444Bg 436Ag 450E1g 438Ag 44Bg 444

453Bg 453Bg

489Bg 493Ag 489Bg 484

497Ag 503Ag 501Ag 503Ag 504 501 513

564

594Bg 595Ag 594Bg 595Ag 585Ag 583

612Ag 618Ag 620Ag 615ag 618ag 612 613

655A1g 627Ag 627

670Bg 650Bg 676 684

693 691

830Bg 825Bg

850B2g

995
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Figure 4.11: Images of VO2 synthesized at 600oC and their respective frequency distributions

of grain area, feret diameter and perimeter for sample V11.
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of some of the material from the grain
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Figure 4.13: The phonon peaks at Raman frequencies of 700 cm−1 (a) and 960 cm−1(c) are

each fitted with the Gaussian in order to obtain values of intensity, peak brodening and

frequency shifts The same was done for the phonon peak 800 cm−1 (not shown). Asym-

metric broadening is clear vindicated in (b) and this qualifies for description by the phonon
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Table 4.2: Summary of calculations done and data obtained from Raman spectra of varying

nano-sizes of WO3 for the fitting these data with the linearized PC model of the the present

study

Grain diameter, d (nm) d−1 I(ω 1) I(ω 2) I(ω 3) Ratio 1Π 2 Ratio 3Π 2

20 5.00 ×107 3982 4784 9247 0.83 1.93

30 3.33 ×107 1561 1763 5207 0.89 3.21

80 1.25 ×107 266 314 1533 0.85 4.88

150 0.67×107 319 383 369 0.83 0.96

150 0.67×107 2307 2514 2789 0.92 1.11

150 0.67 ×107 1890 2209 2231 0.86 1.01

170 0.59 ×107 9512 17947 7766 0.53 0.43

250 4.0 ×107 422 453 971 0.93 2.14

550 0.18×107 8166 12913 5607 0.63 0.43

840 0.12 ×107 5407 11572 5524 0.47 0.41

1510 0.07×107 5317 10978 3887 0.48 0.35
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Figure 4.14: A linear nature of these plots of phonon intensities versus inverse of diameter is

clearly revealed at larger than 100 nm of d
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Chapter 5

Conclusions

5.1 Diameters of ultrasonic droplets and their resulting

deposited grains

Conflict between the theory and experiment with regard to the distribution of the droplet

size generated by ultrasonic spray has been presented. The available theories-the Lang model

and the modified version of it- the Jokanovic model- have been found to be inadequate in

the absence of the dynamic properties of temperature, pressure and the volume that the

droplets occupy. In this dissertation, a further modification of both models has been done

by considering a temperature dependent surface tension parameter and a p-V-Tpr dependent

density of the precursor solution and the USP system. To test the validity of the new mod-

ification, examples have been given for cases of the ultrasonic spray pyrolysis of vanadium

and tungsten oxides. Also, a review of previous attempts to reconcile experiment to theory

has been presented. Pressure and precursor temperature affect droplet diameter in a similar

manner in that both tend to reduce the droplet size as they are allowed to rise. Temperature

contributes to at least 16 per cent loss in diameter as it rises from room to boiling point of

water. Pressure however has been found from the present model to reduce the droplet size by

about 14 per cent from slightly below atmospheric pressure to about twice the atmospheric

pressure. A compunding effect when both temperature and pressure rise can be very sub-

stantial translating to about 30 per cent of the droplet diameter being lost before the actual

85



pyrolysis takes place.

In the present study, with this evidence at hand, it can be concluded that those previ-

ous researchers that have found their calculated grain sizes (using the uncorrected Lang or

Jokanovic model) to be larger than the measured, it is because the temperature and pres-

sure effects are not considered during calculation. Inclusion of these effects would bring the

calculated grain size down to the regions of the measured grain.

Volume occupied by droplets or volume of the USP system, as another thermodynamic

variable that was considered in the present study, has surprisingly shown to be much more

critical to the droplet size than pressure and temperature. Droplet size blow up so rapidly

when they have to occupy large volumes with the reverse being true. A rather radical

conclusion that small USP systems would be suited for generating nanometric material,

the present study has found enough compelling experimental evidence to prove that when

droplets are confined in a small volume they tend to retain their small sizes. It has been

shown that Priol et al (2005)[91] when studying the effect of shape and size of electrostatic

injectors, did find that smaller injectors produce more highly charged droplets that were

not only small in size but tended to occupy small volume. The present study has also

experimental evidence from laser pyrolysis where the aerosol to be pyrolysed by the laser

is carried through a co-axially flowing argon jet-with the aerosol droplets at the axis of the

argon ”pipe”- a practice that not only prevents the pyrolysol from contacting the wall of the

chamber thereby contaminating the so-produced materials but also prevents spread of the

particles which may lead to broadening of the size distribution due to volume effects.

It can be recommended that when calculating droplet and grain sizes using either Jokanovic

or Langs model, it is important to include the thermodynamic state of the droplet in the

calculation. Often, the ultrasound generator raises the temperature of the starting solution

so continuously that during the entire period of synthesis process the precursor temperature

is never constant. This contributes to the wide distribution of grain sizes. The volume of the

USP system, however, would not be a problem since this only varies from the design of the

USP system to the other. An important note on volume as a variable is that during design

of the USP system, confinement of the droplet carrying system is highly recommend for the

attainment of nanometric materials. Should one intend to synthesize very small particles,
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then the dimensions of the USP system should be as small as possible.

It was found in this study that any declared departures of theory from experiment with regard

to material grains obtained by ultrasonic pyrolysis is not necessary evidence of the weakness

of the theoretical model alone, but rather, the fact that as the droplets condense into grains

on a hot substrate, they not only decompose and undergo chemical transformation but also

may find chance to coalesce and form bigger particles or undergo evaporation to form smaller

particles. These phenomena have to be taken into account when comparing theory with

experiment in this regard.

5.2 First synthesis of VO2 by ultrasonic nebula-spray

pyrolysis

Vanadium dioxide is difficult to obtain because of the fact that it is the most unstable of all

vanadium oxide phases. This dissertation has presented, in particular, the synthesis of VO2

by ultrasonic nebula-spray pyrolysis for the first time. A precursor solution of ammonium

metavanadate enriched with vanadium tri-chloride was found to be the starting solution from

which droplets were generated by an ultrasonic generator operated at 1.7 MHz. The optimum

condition for obtaining VO2, which apply to WO3 as well, have been presented. X-ray

characterization showed the crystals with randomized rather than preferential ordering of the

crystal faces. Raman spectra of these materials confirmed the VO2 signatures obtained from

previous findings. The size distribution by scanning electron microscopy showed preferential

spherical grains with a modal feret diameter of about 800 nm and mean diameter of 500 nm.

Infrared switching confirmed the VO2 transition temperature in the neighborhood of 60oC

for samples prepared under argon and a drastic shift to room temperature for those prepared

under oxygen. Influence of oxygen content in the behavior of such samples was suspected.
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5.3 Size controlled synthesis of WO3 and the deter-

mination of its phonon dispersion relations by the

present linearization of the phonon confinement model

The fact that WO3 grains obtained by UNSP generally gain size in an exponential growth

as the substrate temperature is increased has been elaborated and experimental evidence

from this study shown. Raman spectroscopy has been wielded to unveil the size distribution

variation as the substrate temperature changes. Based on the phonon confinement model first

proposed by Richter et al [1] Faucet and Campbell in 1988[2], this study has accomplished a

number of tasks. One of the tasks is the quantification of the empirical suggestion by Kubo

et al [87] that cluster size can be correlated to ratio of neighboring peak intensities. From

this analysis, a new semi-empirical method has been quantified for the first time which has

been hitherto been used to predicting the size distribution of grains in a sample simply by

relating a characteristic Raman peak intensity to the inverse of the grain mean diameter. In

agreement with previous practice, the so derived Equation 2.43 suggests that large particle

diameters have a very small contribution to phonon intensities; which means that, as a

means of simplification, this equation can, by neglecting high terms, be used to linearize the

intensity-vs-inverse of diameter charts. This kind of analysis has radically shown, in contrast

to conventional belief and practice, that intensity-versus-crystallite-diameter-inverse is only

good for bulk state rather that nanometric state.

Pursuing the ratio of intensities of neighboring Raman peak in a spectrum has earned this

present study another important information. The restriction of the phonon confinement

model in the range 0 to 100nm is completely vindicated the linear in the present the Equation

2.50 which suggests that the ratio of intensities for neighboring peaks is more affected by

smaller grain diameter than larger ones. A linear plot of this equation has confirmed in a

completely new way that the phonon confinement model is indeed suitable for grains in the

range 0 to 100 nm provided the the grain diameter values where these ratios of intensities

is undefined are taken into account. These may be used to explain the phase transitions in

materials in general.
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Interestingly, the present linearization of the phonon confinement model has shown that:

1. Knowing the phonon dispersion relations of a material very well and having the Raman

spectra of heterogeneous samples of a material, it is easy to predict the size distribution

of the grains on the material as has been the practice.

2. Having Raman spectra of a material with varying grain sizes and if the grain sizes

are very well know, it is possible to work out the phonon dispersion relations of that

material. This is done simply by plotting a graph of ratio of neighboring peak intensities

against the inverse of d and obtaining the slope and intercept of the graph which are

in turn used to calculated the parameters contained in the phonon dispersion relation

of such a material. This is good news for materials that cannot be analyzed for their

phonon dispersion relations using neutron scattering.

3. Only ratio of intensities of neighboring peaks (and not simply intensity of peaks) yields

the full information about these phonon dispersion relations

A case study for size controlled WO3 has shown for the first time that this material has a

phonon dispersion relations of the form

ω (q) = 795.59 ∓ 133sin2
(

aq

4π2

)

(5.1)

Whether the ratio of intensities of neighboring peaks versus d−2 is inverse or direct was

explained as owing to the nature of the phonons from which the intensities are obtained.

Acoustic and optical phonon intensities will have varying correlations for acoustic- acoustic,

acoustic-optical or optical to optical comparisons.
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Appendix 1

Some terminologies used in image

analysis software- Image ToolTM

In this appendix, definition of terms used in image analysis using the software package,

Image ToolTM , is done. In some cases, these terms carry very different meaning from the

usual. Area (σA): The area of the object, measured as the number of pixels in the polygon.

This measurement tends to produce a slight over-estimate of the object’s area. If spatial

measurements have been calibrated for the image, then the measurement will be in the units

of that calibration; otherwise, it will be in square pixels. Perimeter (PR): The length of

the outside boundary of the object, again taking the spatial calibration into account. The

method used will tend to over-estimate the perimeter for convex objects. Roundness: (Rn):

Computed as:

Rn =
4πσA

P 2
R

(5.2)

The result gives a value between 0 and 1. The greater the value, the rounder the object. If

the ratio is equal to 1, the object is a perfect circle, as the ratio decreases from 1, the object

departs from a circular form. Elongation(ǫL): The ratio of the length of the major axis to

the length of the minor axis.

ǫL =
λM

λm
(5.3)

The result is a value between 0 and 1. If the elongation is 1, the object is roughly circular

or square. As the ratio decreases from 1, the object becomes more elongated (taken from
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Baxes, Gregory, Digital Image Processing, 1994, p. 157). Feret Diameter (df): The diameter

of a circle having the same area as the object, it is computed as:

df =
4σA

π
(5.4)

this provides a measure of the object’s circle-ness. Basically the ratio of the feret diameter to

the object’s length will range between 0 and 1. At 1, the object is roughly circular. As the

ratio decreases from 1, the object becomes less circular. Compactness (Ct): This provides a

measure of the object’s circle-ness. Basically the ratio of the feret diameter to the object’s

length, it will range between 0 and 1. At 1, the object is roughly circular. As the ratio

decreases from 1, the object becomes less circular. Major Axis Length (λM): The length of

the longest line that can be drawn through the object. The result will be in the units of

the image’s spatial calibration. Major Axis Angle (θM): The angle between the horizontal

axis and the major axis, in degrees. Minor Axis Length (λm): The length of the longest line

that can be drawn though the object perpendicular to the major axis, in the units of the

image’s spatial calibration. Minor Axis Angle (θm): The angle between the horizontal axis

and the minor axis, in degrees. Centroid : The center point (center of mass) of the object. It

is computed as the average of the x and y coordinates of all of the pixels in the object. Gray

Centroid : Also called the brightness-weighted center of mass, this is the point in the object

having equal brightness levels above, below, and to both sides of the point. It is computed

as a weighted average of the x and y coordinates and the pixel brightness for all pixels in the

object. If the image has been density calibrated, then the pixel brightnesses will be in these

units. Integrated Density : Computed as the product of the mean gray level and the number

of pixels in the image. If the image has been density calibrated, then the mean gray level will

be in these units. Min/Mean/Median/Mode/Max Gray Level, Std. Dev.: Computes the given

statistic for the pixels in the object, taking density calibration into account. Measurement

Precision: The number of decimal places that should be used in the measurements sent to

the results window.
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Appendix 2

The linear chain model for derivation

of dispersion relations in crystals

The purpose of this appendix is to serve as a reminder of the derivation of the phonon

dispersion relations in materials. First it is convenient to begin with a simple monoatomic

lattice of atoms arrange in an infinity linear chain as illustrated in Figure 5.1

When a chain of atoms with spacing a in a state of equilibrium are subject to an external

force, they are displaced each of them with its own displacement. The nth has an original

equilibrium position of

x0
n = na (5.5)

However after displacement, its new position becomes

x0
n = na+ un (5.6)

where un is the displacement of the nth atom. The same analysis can be done for other atoms

through out the lattice.

On the nth atom, the force to the right is given as

FR = k (un+1 − un) (5.7)
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Figure 5.1: A simple monoatomic lattice with the above chain depicting atoms in equilibrium

and the chain below represents the same chain under a displacement due to an external force

and similarly the force to its left is

FL = −k (un−1 − un) (5.8)

where the negative sign in the Equation 5.8 only signifies the sign convention that if left is

negative then right is positive

The net force is force is a sum of the two force which gives

m
d2un

dt2
= −kF (un+1 − 2un + un−1) (5.9)

where kF is the force constant of the material bonds.

When a trial solution is substituted into the differntial equation 5.9 a dispersion relation of

the following form is obtained:
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ω =

√

4kF

m
sin

(

aq

2

)

(5.10)

This equation is true for a monoatomic lattice. However for a diatomic lattice, it can be

shown that two simultaneous differential equation are obtained and summarized here as

m1
d2un

dt2
= C (νn+1 − 2un + νn−1) ,

m2
d2un

dt2
= C (nn+1 − un + 2νn)

(5.11)

Upon proper substitution these simultaneous equation can solve use the determinant which

equal to zero given below

| 2C −m1ω − C (1 + exp(−iKq)) | u |,
| −C (1 + exp(−iKq) 2C −m2ω) | ν |

(5.12)

This analysis yields the following equation

m1m2 − 2 (m1 +m2)Cω
2 + 2C2 (1 − cos(aq)) = 0,

ω2
1 = Cq2a2

2m1m2
, opticalmaximum

ω2
2 = 2C

(

1
m1

+ 1
m2

)

, acousticmaximum

(5.13)

The fact the cosine term in the round brackets can be converted to sine by trigonometric

identities which in turn can be expanded using MacLaurin or Taylor series, enables one to

see that the phonon dispersion relation can be approximated by neglecting the higher terms

to the following expression

ω (q) = A± Bsin2(q) ∼ A±Bq2 (5.14)

as assumed in the main text of this dissertation.
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Appendix 3

Scanning electron micrographs of

some WO3 samples and the size

distribution of their grains by Image

ToolTM software

This appendix attempts to present a gallery of some of the scanning electron micrographs of

the tungsten trioxide samples. The images show how the morphology of WO3 surface and its

grains evolve as the temperature of material deposition is increased. Each SEM micrograph

has a size distribution histogram in micrometers juxtaposed to it. The data obtained were

used to relate size to temperature of deposition as presented in the main text.

106



107



108



109


