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Abstract 
 

Thin films of monoclinic nanostructured vanadium dioxide (VO2) (M1) are notoriously 

difficult to produce in a selective manner, whereas, beta-pentoxide (β-V2O5) and 

gamma-pentoxide (-V2O5) nanostructured phases are difficult to synthesize due to 

their demanding preparation conditions. To date, post-deposition annealing after 

pulsed laser deposition (PLD) has been used to revert the crystal phase of VO2 or to 

remove impurities, and non-glass substrates have been employed, thus reducing the 

efficacy of the transparency switching between the phases. In this thesis, we overcome 

these limitations in PLD by optimizing a laser-ablation and deposition process through 

optical imaging of the laser-induced plasma. We report on high quality monoclinic 

rutile-type VO2 (M1) nano-particles without requiring post-deposition annealing, and 

were grown on a Corning glass substrate. Our samples demonstrate a reversible metal-

to-insulator (MIT) at ~43°C, without any doping, thus paving the way to switchable 

transparency in optical materials at room temperature. Nano-rods of β-V2O5 thin films 

were grown on Corning glass by PLD without post-deposition annealing. We 

demonstrate a proof of concept, that VO2 (M1) and V2O5 film growth proceeds only 

under particular conditions and we were able to precisely control the structure as 

revealed by comprehensive structural and optical characterization of the film grown 

together with the study of plasma plume dynamics. This improved knowledge of the 

plume characteristic demonstrates that the conditions of growth of any complex 

materials can be optimized. 
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Chapter 1 

Introduction 
 

Vanadium oxide (VxOy) materials have been produced and reported because of their 

several structural and compositional variants, as well as their use in a number of 

applications, for example gas-sensors device, actuators and e.t.c.[1.1]. One of the most 

popular VxOy that have been produced and reported is vanadium dioxide (VO2) because 

it has interesting thermochromic properties as a consequence of its reversible 

structural information and associated metal-to-insulator transition (MIT) 

transformation near 68 C [1.2] in the bulk crystal. VO2 has been investigated in recent 

years for their scientific and technological applications ranging from femtosecond 

optical switching to thermal management coatings [1.3]. However, VO2 is not 

immediately applicable to several technological applications, because VO2 is difficult to 

produce due to the narrow temperature-pressure window in phase space, as a result of 

the multiple valence states of vanadium [1.1] and several non-hydrate polymorphs of 

VO2 [1.4]. Hence, the challenges involved in VO2 synthesis should be investigated. 

Furthermore, one needs to investigate how to modify the phase transition to suit 

specific technological applications. Another ongoing controversy of VO2 is the driving 

mechanism of the transition. The issue is whether the given phase transition is an 

electron Mott transition [1.5] accompanied with structural changes or a Peierls-type 

transition [1.6] in which structural changes dominate, and the rearrangement of the 

electron subsystem is an auxiliary process, which remains unanswered. 
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1.1 Objectives 
 

In this thesis, the challenges involved in VO2 synthesis are addressed by synthesizing 

VxOy nano-particles using the pulsed laser deposition (PLD) method, which allows the 

particle size, composition and properties of the nano-materials to be controlled. This is 

achieved by investigating the plasma plume dynamics and plasma plume emissions of 

vanadium oxygen (V-O) species during the PLD process. This was done because the 

source of the thin film is the laser generated plasma plume composes of neutral and 

ionised atoms and molecules. 

 

1.2 Contents of this Thesis 
 

The outline of this thesis is described as follows: 

 Chapter 2 discusses the properties of VO2 and its oxidation states, including the 

phase transition mechanisms and VO2 thin film synthesis.  

 Chapter 3 discusses in detail the importance of laser induced plasma in PLD, VxOy 

nano-particles and growth.  

 Chapter 4 investigates the plasma formation and expansion mechanisms during 

the PLD process of VxOy films deposition by the laser ablated VO2 target. The 

experimental findings reveal several interesting features which are of general 

character and interest, with the temporal dynamics found to be dependent on the 

oxygen pressure. The classical drag and shock-wave models were used to 

understand the plasma plume expansion and plume species propagation. 

 Chapter 5 investigates the plume species expansion and propagation during the 

PLD process of VxOy film deposition by vaporized VO2 and V targets. The 
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stopping distance, initial velocity, slowing coefficient and the shock conditions 

were determined using classical drag and point-blast-wave models. 

 Chapter 6 investigates the relationship between the plasma plume dynamics and 

deposited VxOy compound thin films which were deposited at the same 

conditions of the oxygen pressure and laser fluencies used for the plasma plume 

and plume species study in Chapters 4 and 5, respectively. The thin films were 

deposited on Corning glass by ablating the VO2 target. This chapter showed a 

proof of concept that VO2 (M1) film grows only under particular conditions. The 

conditions were precisely controlled as revealed by comprehensive structural 

and optical characterisation of the film grown, and through the study of plume 

dynamics, which behave as in other studies of other materials. 

 Chapter 7 shows that it is possible to improve the VO2 composition by 

understanding the link between the V-O plume and the VO2 stoichiometry in a 

PLD process without the need of post-deposition annealing. This chapter reports 

high quality VO2 (M1) nano-particle by optimizing the deposition parameters, 

without post-annealing, and on a Corning glass substrate. This sample 

demonstrates a reversible MIT at ~43 C, without any doping, paving the way to 

switchable transparency in optical materials at room temperature.  

 Chapter 8 shows that it is possible to synthesize and improve the β-V2O5 

composition by understanding the link between the V-O plume and the V2O5 

stoichiometry in PLD without the need of post-annealing. This chapter reports 

high quality β-V2O5 nano-rods by optimizing the deposition parameters, without 

post-deposition annealing, and on a Corning glass substrate. 

 Chapter 9 reports the influence of the laser wavelengths in the PLD technique on 

the structural and optical properties of the optimized VO2 thin films. By varying 
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laser wavelength, a-axis oriented VO2 (M1) thin film is obtained on a Corning 

glass substrate without post-deposition annealing and doping. 

 Chapter 10 presents conclusion and future work. 

 

References 
 

1.1 U. Schwingenschlögl, V. Eyert, “The vanadium Magnéli phases VnO2n-1”, Ann. Phys. 

(Leipzig) 13 (9), 475 (2004). 

1.2 F.J. Morin, “Oxides which show a metal-to-insulation at the Neel temperature” Phys. 

Rev. Lett. 3 (1), 34 (1959). 

1.3 H. Jerominek, F. Picard, D. Vincent, “Vanadium oxide films for optical switching and 

detection”, Opt. Eng. 32, 2092 (1993). 

1.4 S.R. Popuri, A. Artemenko, C. Labrugere, M. Miclau, A. Villesuzanne, M Polleti, “VO2 

(A): Reinvestigation of crystal structure, phase transition and crystal growth 

mechanisms”, J. Solid State Chem. 213, 79 (2014). 

1.5 R.M. Wentzcovitch, W.W. Schulz, P.B. Allen, “VO2: Peierls or Mott-Hubbard? A view 

from band theory”, Physical Rev. Lett. 72 (21), 3389 (1994). 

1.6 D. Paquet, P. Leroux-Hugon, “Electron correlations and electron-lattice interactions 

in the metal-insulator, ferroelastic transition in VO2: A thermodynamixal study” 

Physical Rev. B 22 (11), 5284 (1980). 

 

 

 



5 
 

Chapter 2 

Vanadium Dioxide (VO2) 
 

This chapter introduces vanadium oxides (VxOy’s) and their oxidation states with 

vanadium dioxide (VO2) being of primary focus. We therefore discuss VO2 and its phase 

transition, including the phase transition mechanisms. We also review the synthesis of 

VO2 thin films and nano-particles.  

 

2.1 Vanadium Oxides (VxOy) 
 

Vanadium exhibits several oxidation states [2.1], normally from V2+ - V5+, and reacts 

with oxygen to form vanadium monoxide (VO), VO2, vanadium trioxide (V2O3) and 

vanadium pentoxide (V2O5). There are also assorted valence oxides containing two 

oxidation states found in the vanadium-oxygen (V-O) phase diagram as shown in Figure 

2.1 [2.2]. The two oxidation states are V6O13 accompanied by V5+ and V4+; and there is a 

sequence of oxides between VO2 and V2O3 (for instance V8O15, V2O13, V6O11, etc.) which 

have V4+ and V3+ oxidation states. Introducing oxygen vacancy defects to vanadium 

oxide results in the formation of the assorted valence oxides. Normally, the vacancies 

move to correlate and establish crystallographic shear planes and afterward are 

removed by restructuration of V-O coordination units, provided the oxygen number of 

vacancies is greater than a certain value. This leads in a sequence of associated 

stoichiometric oxides such as VnO2n-1 and V2nO5n-2 which are known to be Magneli and 

Wadsley phases respectively [2.1].  
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Figure 2.1: Vanadium oxygen (V-O) system [2.2]. 

 

2.2 Vanadium Dioxide (VO2) 
 

VO2 (M1) monoclinic is the most stable with rutile phase and undergoes a 

semiconductor-metal transition (SMT) or metal-insulator transition (MIT) near 68 C in 

the bulk crystal [2.3 – 2.4]. Figure 2.2 indicates a typical case of such drastic changes in 

electrical resistance and optical reflectance properties around 68 C through the VO2 

(M1) MIT in conjunction with hysteresis loops. At low temperatures below 68 C during 

transition phase, VO2 is a monoclinic structure (M1), an insulator and infrared (IR) 

transparent material. At high temperatures above 68 C during transition phase, VO2 

changes to a tetragonal rutile structure (R), metallic phase and highly IR reflecting 

material. Figure 2.3 shows the two crystallographic structures. These structures 

indicate the complex interaction between electronic and structural degrees of freedom 
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among the following proposed mechanisms: (1) electron-electron repulsion which 

results from carrier localization and is called a Mott-Hubbard correlation and (2) lattice 

instability emanating from unit-cell-doubling known as Peierls distortion [2.5].  

 

Figure 2.2: A typical case of temperature dependence of the (a) electrical resistance 

and (b) optical reflectance for VO2 thin film [2.3]. 

 

Figure 2.3: (a) VO2 (M1) monoclinic P21/c (insulator) below transition temperature 

and (b) VO2 tetragonal rutile P42/mnm (metal) above the transition temperature [2.5]. 
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2.3 Crystal Structure 
 

At high temperatures (above 68 C), VO2 metallic phase has a tetragonal rutile (R) 

structure as indicated in Figure 2.3(b). VO2 exhibits the monoclinic structure (M1) in the 

insulator phase at low temperature, 25 C as shown in Figure 2.3(a). The atomic 

position of V and O atoms are shown in Table 2.1, and every V atom is located by its own 

O octahedron. The lattice constants parameters of VO2 (M1) and VO2 (R) are shown in 

Table 2.2, respectively. The spaces group of tetragonal rutile (R) and the monoclinic 

(M1) structure are P42/mnm and P21/c as given in Table 2.2, respectively. In monoclinic 

lattice, the V atoms are pairing and bending in accordance with the rutile c-axis during 

the deformation of the high temperature tetragonal rutile structure. The obtained 

monoclinic unit cell is double the size of tetragonal rutile unit cell as shown in Table 2.2. 

M1 is the name of this VO2 phase because there is another monoclinic lattice named M2. 

This M2 VO2 phase can be observed by introducing light doping in VO2 [2.8], applying a 

small uniaxial pressure [2.9], and using a peculiar synthesis condition [2.10]. It has been 

believed that structural changes take place at the same temperature as the MIT but now 

it has been discovered that MIT and structural collapse happens at different 

temperatures about 9 C apart [2.12]. 
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Table 2.1: This table indicates atomic position of V and O atoms. 

Atomic position [2.6 - 2.12] 

Atom Position 

V (0, 0, 0) and (½ , ½, ½ ) 

O +/-(u, u, 0) and +/-(½+u, ½-u, ½) 

 Please note that at 360 C u = 0.3001 

 

Table 2.2: This table indicates lattice parameters for VO2 (M1) and (R), respectively. 

Lattice parameters [2.6 - 2.12] 

VO2 (M1) VO2 (R) 

Room temperature (25 C) >70 C 

aM = 5.7517 Å aR = 4.5546 Å 

bM = 4.5378 Å, - 

cM = 5.3825 Å, β = 122.646 CR = 2.8514 Å 

P21/c P42/mnm 

 

 

2.4 Energy Band Structure 
 

The VO2 (M1) electronic and structural details of both phases was first proposed by 

Goodenough [2.11] and summarized by Cavalleri et al. [2.12] as shown in Figures 2.4 
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and 2.5. The VO2 structural transition coincides with changes in the electronic band 

structure near the Fermi level (EF). The hybridization of O 2p and V 3d orbitals is the 

outcome of the band structure and also reveals the symmetries of the atomic 

arrangement in the crystal lattice. This can be explained by making use of the 

Goodenough model which is based on mean crystal-field theory [2.11]. The model is the 

consequence of the octahedral environment and the associated hybridization of the O 

2p orbitals accompanied by V 3d orbitals (p-d hybridization) which are required in 

chemical bonding. An edge-sharing chain beside the c-axis is formed in the rutile 

structure (P42/mnm) by the V atoms enclosed with O octahedral. Figure 2.5 indicates a 

combination of low t2g and high eag energy states, where the symmetry of the V-O bonds 

() is broken into two in the 3d electronic levels of the V ions. The t2g orbitals is further 

separated into a single a1g orbital and a doubly degenerate e
g combination with -type 

V-O bonds because of the small orthorhombic crystal field component related to the 

different equatorial and apical V-O distances. The hybridization of e
g and the e

g 

orbitals with O 2p orbitals results in the formation of a low energy bonding combination 

with predominantly O 2p character, and high energy bonding combination with 

predominantly V 3d character. The a1g orbitals are controlled near the rutile c-axis and 

are relatively non-bonding with respect to O 2p.  

 

Figure 2.5 indicates the metallic monoclinic phases (P21/c), the density of states at EF is 

established from a combination of the d// orbitals that are directed along cR and the 

more isotropic and anti-bonding e
g orbitals (*). The dimerizing and titling of the V-V 

pairs across the SMT/MIT results in a splitting into a bonding and an antibonding 

combination of highly directional d// orbitals that mediate V-V bonds. Additionally, the 
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3d- bands proceed to higher energies because of the increased p-d overlap which 

occurs due to the anti-ferroelectric displacement perpendicular to cR and parallel to the 

crystallographic [110] directions. As a result at the insulating state, there are orbitals 

polarization with bonding d// orbitals being entirely filled and the anti-bonding d// 

(d//*) and * not being filled as shown in Figure 2.5.   

 

 

Figure 2.4: Schematic diagram of d-electron band splitting by crystal fields and their 

orbitals [2.11, 2.13]. 
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Figure 2.5: Schematic diagram of VO2 energy-level [2.11, 2.13]. 

 

2.5 Peierls or Mott-Hubbard Transition Mechanism 
 

The description of the VO2 driving principle of the phase transition has been a matter of 

ongoing dilemma for decades [2.13]. Several studies have focused on resolving the 

driving force of the combined electronic-structural transition [2.11, 2.12, 2.14]. The 

issue is whether the given phase transition is an electron Mott transition [2.11, 2.13] 

accompanied with structural changes or a Peierls-type transition [2.5, 2.15, 2.16] in 

which structural changes dominate, and the rearrangement of the electron subsystem is 

an auxiliary process. This dilemma remains unanswered. Usually, in the Peierls model 

(above 68 C) at the structural phase transition, the lattice transformation with the 

band structure changes which lead in the opening of the bandgap and hence the 

SMT/MIT [2.13]. The material in this case is called a band insulator. In the Mott 

transition model case, it is only the electron correlations responsible for the transition 

of the insulating state, while the secondary importance of the SMT/MIT are the ion 
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arrangements and lattice-to-electron interactions [2.11, 2.12]. In this case, the material 

is called a Mott or Mott-Hubbard insulator. The primary mechanism responsible for the 

insulating state of VO2 is considered to be electron-to-electron correlations. However, 

recent models generally go further than the standard Mott-Hubbard model i.e. the 

electron-lattice interactions. 

 

In the metallic phase (high temperature), it is a rutile structure with two molecules per 

cell is observed, whereas in the insulating phase (low temperature), it is a monoclinic 

(M1) structure with zigzag-type pairing of V-atoms is observed. This zigzag pairing is 

observed along the c-axis, which is twice the cell size and brings the number of 

structural degrees of freedom to 13. Both the VO2 phases are nonmagnetic. The 

conduction band of the metallic VO2 electronic structure is made of crystal-field-split 

vanadium d orbitals which, depending on their symmetry, are differently hybridized 

with oxygen p orbitals. There are two degenerate bands that the Fermi levels fall within. 

The first degenerate band, is a narrow d// band, one essentially made of d orbitals 

overlapping along the c-axis and accommodating two electrons per vanadium atom.  

The second degenerate band, is a wider anti-bonding * band, made up of d orbitals 

pointing towards oxygen atoms and hybridized with their p orbitals and 

accommodating four electrons per vanadium atom. The V4+ ion of the d/ configuration 

allows a single electron to be shared by both degenerate bands. The d// band is highly 

anisotropic while the orbital * is more spherical due to their different widths and 

anisotropies. These bands are expected to respond either to electron-electron 

interaction, specific to the narrow d// band only, or to a lattice distortion. According to 

the theory proposed by Goodenough [2.11], and which is confirmed by cluster 
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calculation, the anti-bonding * band rises above the Fermi level because of the lattice 

distortion and the d// band becomes half-filled. Additionally, the d// band splitting may 

originate from either vanadium pairing along the c-axis, Peierls mechanism or from the 

opening of a correlation gap, by the Hubbard mechanism. 

 

Cavalleri et al. [2.12] studied the VO2 MIT/SMT mechanism by making use of time-

resolved spectroscopy in the ultrafast timescale. The transmission and reflection 

measurements of the film were carried out on several wavelengths as a function of 

1.5 ps to 15 fs, pulse duration. They found that the VO2 rutile high transition 

temperature structure is important for the evolution of the VO2 monoclinic low 

transition temperature structure. Additionally, this finding is indicative of a notable 

bandlike character of the monoclinic phase which is Peierls-like. Biermann et al. [2.17] 

theoretically investigated the VO2 structural changes by making use of a cluster 

extension of dynamical mean-field theory (C-DMFT) in conjunction with density 

approximation (DFT-LDA) within the local density approximation (DFT-LDA). They 

believed that in order to understand the VO2 transition mechanism theoretically, an 

equal footing in structural and correlations aspects by picking V-V pairs as the basic 

calculation unit is required. The result shows the importance of the V-V dynamical 

singlet pairs to activate the opening of a Peierls gap. They concluded that VO2 (M1) is 

not a Mott-insulator as believed. Haverkort et al. [2.18] investigated the magnetic 

correlations role as well as the orbital structure of the component part of VO2 transition 

phase by making use of the soft-x-ray absorption spectroscopy measurement and 

simulation were carried out at the V L2/3 (2p – 3d) edges of the VO2 single crystals. Their 

measurement results showed a higher sizeable switching of the orbital occupation 
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through the VO2 transition phase than V2O3. This result shows the importance of the 

orbitals and lattice’s role in the correlated motion of the electrons. They conclude that 

the VO2 phase transition mechanism can be regarded as an orbital-assisted 

collaborative Mott-Peierls transition. Qazilbash et al. [2.19] investigated electronic 

characteristics of the correlated VO2 phase transition at 20 nm length scales by making 

use of infrared spectroscopy and nano-imaging technique in a narrow temperature 

range. Their system managed to measure the divergent quasi-particle mass in the nano-

scale metallic puddles by imaging the appearance and temperature evolution at the 

beginning of the VO2 phase transition. Their reported results indicated a strongly 

correlated conducting condition showing that nano-scale metallic bundles exists inside 

the VO2 phase transition and have unique characteristics of the MIT/SMT VO2 phase. 

They concluded that the VO2 (M1) phase can be referred to as a Mott insulator because 

of the competing effects of charge ordering that is mostly generated by electron-phonon 

interactions. 

 

2.6 Other Phase of VO2 

 

Generally, VO2 is a dual compound with different polymorphs. There are several forms 

of VO2 phases that include VO2 (M1) [2.1], VO2 (R) [2.20], VO2 (B) [2.21], VO2 (A) [2.22], 

VO2 (C) [2.23], VO2 (D) [2.24], VO2 (BCC) [2.25] and VO2 (C) [2.26] which have recently 

been reported. The recently discovered polymorphs (D, BCC and N) studies are still at a 

synthesis stage. 
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The VO2 structure of these polymorphs VO2 (M1), VO2 (R), VO2 (B) and VO2 (A) are 

generally founded on bcc lattices of O with V in the octahedral sites, the O octahedral 

being more or less regular [2.27]. The O octahedral in the case of the VO2 (R) and in 

deformed VO2 (M1) can be placed either along two perpendicular directions; or O 

octahedral can be mostly arranged along one direction as similar in VO2 (B) and VO2 (A). 

Although these VO2 polymorphs have similar stoichiometry, their structures are very 

unique and correspond to two different values for the density as given in Table 2.1.  

 

Table 2.3: Density of VO2 polymorphs [2.27]. 

VO2 polymorphs Density (g/cm3) MIT temperature 

VO2 (R) 4.67 68 C [2.1] 

VO2 (M1) 4.67 68 C [2.1] 

VO2 (B) 4.03 - 

VO2 (A) 4.04 - 

 

 

The two other VO2 polymorphs have bigger cells than the tetragonal rutile phase with 

octahedral mostly packed along one crystallographic direction. Theobald et al. [2.21] 

was the first to report a VO2 (B) monoclinic phase as a new polymorph by reduction of 

V2O5 in several gases and vapour. The monoclinic cell parameters for VO2 (B) are aB = 

120.3 Å, bB = 3.693 Å, cB = 6.42 Å and β = 106.6 o, z = 8 and the space group is c2/m. The 

VO2 (B) structure can be considered as made by two similar layers of atoms along b. The 

second octahedral layer is moved with reference to the first one by (½, ½, 0); in the VO2 

(B), (010) plane. Two octahedral types are formed in the VO2 (B) structure because the 
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O octahedral are deformed and the V atoms being no longer in the centre. VO2 (B) forms 

platelets like V6O13 and the size of platelets depends on the synthesis method. These 

platelets are preferentially oriented and grow in (a, b) planes because this one forms a 

network of corner sharing octahedra in the plane. The difference between the VO2 (B) 

and V6O13 is in the way the octahedra are linked in the (a, b) plane. They exhibit a 

similar [001] X-ray diffraction (XRD) pattern. Theobald et al. [2.22] were the first to 

report on VO2 (A) metastable phase as an intermediate phase in the conversion of VO2 

(B) to VO2 (R). Oka et al. [2.28] and Yao et al. [2.29] fully characterized the VO2 (A) 

phase. The VO2 (A) has a tetragonal structure with the following cell parameters a = b = 

8.44 Å, c = 7.68 Å, z = 16 [2.28]. The VO2 (A) space group is P42/nmc [2.28]. The fourfold 

axes of the O octahedra are arranged along a solo direction like in VO2 (B), in this case 

the c-axis of the tetragonal structure. The c parameter is approximately twice the b-axis 

of VO2 (B), the O octahedra are less deformed than in VO2 (B) when there is only one 

type of octahedra. 

 

2.7 Applications of VO2 

 

During the VO2 phase transition, the VO2 also shows a reversible abrupt change of 

optical transmittance or reflectance especially in the infrared (IR) region [2.1]. VO2 (M1) 

thin films and nano-particles tend to survive the stress generated during repeated 

cycles of phase transition better than the bulk crystals, and their transition temperature 

can also be reduced to the ambient temperature by element doping such as tungsten 

[2.30]. These properties make VO2 (M1) an attractive material for technological 

applications, such as “smart windows” for energy saving and comfort [2.31], sensors, as 
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well as actuators [2.32], electrochromic and photochromic memory optical devices 

[2.33], high-speed solid-state optical displays [2.34] and e.t.c.  

 

2.8 VO2 Synthesis 
 

There are several methods established to produce VO2 thin films. The techniques 

consist of chemical vapour deposition [2.13], reactive evaporation [2.35], reactive 

sputtering in O2 background of a V target [2.36], PLD and numerous post-deposition 

annealing methods where either over-oxidized phases such as V2O5 are reduced to VO2 

by annealing [2.37] or pure V thin films are annealed in O2 to obtain the VO2 

stoichiometry [2.38]. Several studies have been done on the thin film microstructure 

effect and synthesis conditions on VO2 properties [2.39]. In order to obtain a sharp and 

strong transition in VO2, a substrate temperature around 500 C were used in the 

synthesis [2.37]. VO2 thin film deposited at higher temperatures are likely to deposit 

films with larger grain sizes, while those deposited at lower temperatures have 

smoother surfaces and smaller grain sizes [2.37]. Additionally, there are few reports on 

VO2 materials reporting on SMT/MIT deposited at low temperatures.  

 

2.9 VO2 switching properties 
 

The switching properties of VO2 is characterise by the temperature of MIT, the thermal 

hysteresis loops shape, sharpness, width and switching ratio. Normally, UV-Vis-NIR 

spectrophotometer and four-point-probes are the techniques used to study the optical 

and electrical switching properties of VO2 from the room temperature monoclinic 
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structure to above 68 C tetragonal rutile structures [2.3]. Basically, the wavelength 

dependent transmittance/reflectance is measured in the range of 300 – 2500 nm 

temperature cycling from room temperature to 100 C corresponding to VO2 MIT. There 

are several techniques used in the literature to determine the MIT temperature such as 

midpoint hysteresis loop [2.40], derivative of the heating and cooling profiles of the 

resistance/transmittance allows the estimation of average value of the MIT temperature 

[2.41] and the minimum of the derivative of the temperature dependence of 

transmittance/resistance [2.42] among others. 

 

There are several factors that determined the switching properties of VO2 thin films that 

are size effects [2.43], distribution, orientation [2.44], crystallinity, stoichiometry and 

impurities [2.2, 2.45] as well as interface energy [2.46 – 2.47]. Table 2.4 indicates the 

size effects on MIT. The results indicate that as the grain size decreases the MIT 

decreases. Normally, higher crystallinity can produce bigger switching ratio results in 

higher thermal hysteresis loops. Xinhong et al. [2.48] obtained higher and lower 

crystallinity VO2 thin films. The higher crystallinity thin film indicated 28% height of 

thermal hysteresis loop with particle size of 90 nm. Whereas the lower crystallinity thin 

film obtained 15% height of thermal hysteresis loop with particle size of 70 nm. 

Additionally, their obtained higher purity VO2 thin film resulted also to a higher thermal 

hysteresis loop. For example, this thin film contained VO2 (M1) as a main phase and it 

obtained 34% height of thermal hysteresis loop than the thin film has Zn2V2O7 as the 

main phase which got 8% height thermal hysteresis loop.  
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Table 2.4: Size effects [2.43] 

MIT Grain size 
65 3 µm 
58 2 µm 
52 1 µm 
42 0.5 µm 

 

 

2.10 Summary 
 

In this chapter, the structural, optical transmission/reflective and electrical resistivity 

properties of VO2 (M1), as well as the principle of the VO2 (M1) transition were 

discussed.  We briefly discussed the other phases of VO2, VO2 (M1) applications and VO2 

synthesis techniques. 
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Chapter 3 

Pulsed Laser Induced Plasma 
 

In this chapter, the importance of laser induced plasma (LIP) in PLD for the growth of 

vanadium oxide (VxOy) nano-particles was discussed. The physics and theory of the 

laser-solid-plasma interactions together with the plasma expansion, resulting in thin 

film deposition will be discussed. 

 

3.1 Pulsed Laser Deposition (PLD) 
 

PLD was successfully demonstrated in-situ by depositing YBaCu3O7 (YBCO) thin films 

during late 1987 and early 1988 [3.1] and has now widely been used to synthesize 

epitaxial thin films of most oxide material. PLD is a physical vapour deposition 

technique and a derivative of laser ablation (LA), which is the standard procedure of 

laser-induced removal of material, for the growing of thin films from elements or 

compounds [3.2]. PLD makes use of a focused high energy laser beam which is pulsed 

on a target surface of interest to the experiment which undergoes absorption and 

vaporization of a thin surface region onto a substrate; a typically example, onto a 

Corning glass facing the target. The deposition process can take place in vacuum of 

about 10-5 mbar as well as in the presence of a reactant gas at slightly higher than 10-5 

mbar, for example oxygen (O2), argon (Ar) or nitrogen (N2). The PLD schematic diagram 

is shown in Figure 3.1. The typical schematic diagram for a PLD experimental set-up is 

simpler than other synthesis techniques, but the phenomenon of the laser-to-target 
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interaction and subsequent growth of the layer on the substrate is complicated and can 

mainly be divided as follows:  

- Evaporation regime which govern the heating of the target atoms by the laser 

beam and subsequent evaporation of the target atoms. 

- Isothermal regime: this regime comprises the balance between the heating effect 

from laser beam which raises temperature and the expansion of the plasma 

which tends to reduce the heating. The two opposing mechanisms lead to 

constant temperature or an isothermal condition.  

- Laser-induced plasma regime: this time there is no heat gain or loss but the 

plume continues to expand and it temperature begins to rise. The fact that there 

is no heat gain or loss, the process is referred as being adiabatic. However there 

is transfer of energy between the plume species which transforms into kinetic 

energy of the species which in turn propels the species to the substrate, and  

- Growth of a layer regime which is defined as deposition process of the plasma 

species to the surface substrate, typically Corning glass.  

The description of the PLD phenomenon is possible only in approximation because of 

the correlation between the above physical mechanisms involvement in the process. 

Moreover, this is the reason why they are several theoretical models [3.2, 3.3, 3.4, 3.5] 

which describe each of the PLD mechanisms in isolation rather than explaining all the 

PLD processes. 
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Figure 3.1: A typical schematic illustration for the PLD experimental set-up.  

 

3.2 Laser Induced Plasma (LIP) 
 

Figure 3.2 [3.6] indicates the interaction of high laser pulse energy and an object in any 

state of aggregation, the plasma is then formed and this process is called laser induced 

plasma (LIP). This happens when the pulse duration, p, exceeds 100 picoseconds; the 

uptake of the entire laser pulse energy by the target results in the formation of a plasma 

as shown in Figure 3.2. LIP is characterised by strong emission of radiation due to the 

high temperature of excitation and density of electrons. Moreover, the plasma 

parameters and composition can be determined from the LIP investigation/study. 

There are several key parameters that LIP characteristics are strongly dependent upon, 

such as pulse duration, laser intensity, target material and geometry, wavelength, the 

nature and pressure of surrounding gases [3.6]. The measurement of the light emission 

spectrum of the vaporized material at the time of the PLD process is important in the 

field of material science because it allows the observation of the process as well as the 
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quality estimation of the results and establishing a relationship between the laser 

ablation mechanism and the so-made material [3.7, 3.8]. Optical plasma plume emission 

study can provide detailed evidence on the progression of short-lived species excited 

atoms, ions or molecules in space and in time. Optical emission spectroscopy (OES) 

[3.9], mass spectrometry, laser absorption spectroscopy (LAS), beam deflectometry, 

interferometry, [3.10, 3.11], time resolved imaging using intensified charge coupled 

device (ICCD) [3.12] are among the problem-solving tools that can be used for 

determining the plume parameters. 

 

Figure 3.2: The schematic diagram indicates the interaction of high laser pulse energy 

with matter in any state of aggregation [3.13]. 

 

3.3 Laser-Target Interaction 

 

When high-energy pulse of the laser light is focused on a metal target material, the 

electromagnetic energy is conveyed to the electrons of the surface atoms and causes 

these electrons to vibrate. The radiation from the laser throb needs to be high enough, 

at the least 0.9 x 109 W/cm-2 (in the case of nano-second (ns) pulses), to interact with 
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the metals in air. The ablation process can occur only when the electrons gain enough 

kinetic energy as shown in Figure 3.2 [3.13]. The electromagnetic energy is completely 

and immediately transferred to the electrons and, during the full pulse duration, the 

electrons continue to gain energy and transfer it to the matrix of the target atoms 

around them. One of the main mechanisms of the material removed induced by ns laser 

pulses is ablation which happens owing to melting which leads to boiling, evaporation 

and ionization into the plasma state. Due to expansion, the cooling effect balance the 

heating from the laser beam and the heat spreads uniformly in thermal equilibrium 

(spallation) [3.14].  

 

Generally, much more energy is needed by the target material to vaporize than to melt. 

This takes place when the target temperature increases due to the laser beam’s thermal 

energy overcoming the vaporization temperature of such a material. The radiation of 

the target material by pulsed-laser energy is influenced by the laser parameters, namely 

duration of the pulse , density of the pulse energy E, shape and wavelength  of the 

pulse; and the temperature dependent thermal properties and optical of the material 

[3.6].  

 

The laser beam energy deposited on the target is equal to three main forms of energy 

losses, viz.: (1) the energy absorbed by the target through conduction (2) the energy 

required to vaporize the surface atoms, (3) the absorption energy losses which leads to 

the plasma state [3.11]. This leads to some threshold energy, Eth which is defined as the 

minimum energy above which initial evaporation is observed. Each material has its own 
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laser threshold energy. All the losses in this process depend on pulsed energy density 

and energy threshold Eth. Duration of the pulse, wavelength of the laser beam, and the 

thermal properties of the material are the parameters that influence the energy 

threshold [3.6]. 

 

Wood et al. [3.15] and Singh et al. [3.16] are among authors who have executed a full 

study of the laser-and-solid-target interaction in the nano-second regime. A one-

dimensional formula of the heat flow equation is often used to describe the vaporization 

process and is given as [3.17] 

𝜌𝑐
𝜕𝑇

𝜕𝑡
=

𝜕𝑇

𝜕𝑧
(𝑘

𝜕𝑇

𝜕𝑧
) + 𝛼𝐴𝐼0𝑒−𝛼𝑧        (3.1) 

where temperature is 𝑇, density is 𝜌, specific heat is 𝑐, thermal conduction is 𝑘, 

absorption coefficient is ∝, absorbance of the target surface is 𝐴, the incident pulse 

intensity is 𝐼0 and the coordinate at right angles to the target surface is 𝑧. The exact 

solutions of equation (3.1) is complex because of non-linear boundary conditions for 

vaporization and solid-liquid interface are not in the same position relative to the 

incoming laser photons resulting in numerical approaches which are always considered. 

The region of interest on the surface of the target by the process of laser ablation has 

the laser spot dimension of 𝑥, 𝑦 on the target surface, multiplied by the heat penetration 

depth 𝐿𝑇𝐻, on the 𝑧 direction at right angles to the target. The heat penetration depth 

𝐿𝑇𝐻 depends on the coefficient of thermal diffusion, 𝐷 =
𝑘

𝜌𝑐
 of the sample material and 

on the duration of the pulse, 𝜏𝐿 as given in equation (3.2) [3.18]: 

𝐿𝑇𝐻 ≈ √2𝐷𝜏𝐿          (3.2) 
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This equation means that the laser-affected-zone is influenced by the duration of the 

pulse, for instance when the pulse is long then the laser impacted zone becomes the 

wider and deeper than before. In a nano-second laser pulse there exists sufficient time 

for the heat wave advancement into the target and the energy is kept absorbed in a 

layer with a thickness of the order of 𝐿𝑇𝐻. 

 

The evaporation process takes place when the absorbed energy in a specific volume is 

higher than the latent heat of vaporization in the same volume as given the equation 

below: [3.19, 3.20] 

∆𝑧𝑣 ≈
𝐴(𝐹𝐿 −𝐹𝑇𝐻)

𝜌𝐿𝑣
         (3.3) 

The laser pulse fluence is given as 𝐹𝐿 = 𝐼0𝜏𝑃 . The evaporation process takes place from 

liquid metals in this case and 𝐹𝑇𝐻 is written in terms of surface layer of the order of 𝐿𝑇𝐻 

as 

𝐹𝑇𝐻 ≈
𝜌𝑐∆𝑇𝑚𝐿𝑇𝐻

𝐴
         (3.4) 

where 𝑇𝑚 is the melting temperature, 𝑇0 is the room temperature and ∆𝑇𝑚 = 𝑇𝑚 − 𝑇0. 

The fluence threshold grows as 𝜏𝑃
1/2

. When temperature is low the increase in ablation 

depth as a function of the laser fluence is linear. But this situation changes when 

temperature increases. In this latter case, the ablation depth as a function of laser 

fluence is non-linear [3.21, 3.22]. The situation when the laser pulse energy is above the 

threshold energy of the target in illustrated in Figure 3.3.  
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When the radiation of the laser surpasses a certain material energy threshold, the 

“breakdown” of matter and the resulting of the plasma generation take place. 

Ionization/recombination and excitation/de-excitation as given in Figure 3.3 by 

electron impact are the key mechanisms supporting the plasma and the shape of the 

plasma in the case of ns pulse is semi-spherical three-dimensional symmetries. 

 

 

Figure 3.3: Schematic diagram indicating the main laser plasma mechanisms [3.13]. 

 

3.4 Laser-Plasma Interaction 
 

As already outlined the preceding sections, when laser heat energy is greater than the 

target materials threshold energy, melting, boiling and evaporation of surface atoms 
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happen which leads to ionization or the separation of positive ions and negative 

electrons (a plasma condition). An isothermally expanding plasma regime is formed 

when the interaction between the beam and the evaporating materials happens, and 

this continues until the laser pulse is terminated [3.16, 3.23]. A dynamic equilibrium 

occurs, during the isothermal expansion regime between the plasma’s coefficient of 

absorption and rapid transformation of thermal energy into kinetic energy. This is 

controlling the isothermal plasma temperature. The temperature of the evaporated 

material increases because of the interaction taking place between the laser photons 

and the growing plasma. This results in a fast rise in temperature to very high values 

while there is a further acceleration in electrons. A bright plasma plume is obtained 

because of the photons released from the excited particles. In ns pulse, the laser pulse 

duration plays an important role because of the developing plasma interacts with the 

rear end of the laser beam. The electron-ion collision i.e. resistance to induced currents, 

is the primary absorption mechanism [3.24] and the absorption of the photons 

primarily occurs by an inverse bremsstrahlung process [3.17, 3.25, 3.26], which 

involves the absorption of a photon by a free electron as given in Figure 3.3. 

 

3.5 Plasma Plume Expansion 
 

Since the plasma is generated because of the laser pulse, it will start to develop until it 

comes to the end of its expansion. The expansion will be sustained by collisions, 

between ions and electrons, as well as radiative processes and in dependence on the 

following: density of plasma, plasma temperature and environment where the plasma is 

formed [3.16]. While it has all this time been believed that the plume advanced at right 
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angles to the target especially at initial stages, this thesis will show this fact in the 

forthcoming chapters.  

 

A progressive expansion of the plume takes place when there is a further high-pressure 

kinetic energy region due to the strong laser-plasma interaction. As soon as the laser 

pulse terminate, the ejection of particles stops. The external environment in which the 

plasma expands strongly influences the plasma dynamics viz.: (1) extent of aggregation 

(2) composition of elements and (3) ambient pressure [3.13]. In the event that the 

plasma expands into some background gas at some specific pressure, the presence of 

such a gas will influence the processes of expansion of the plasma [3.27]. This expansion 

ends up generating internal plume structures such as splitting, sharpening, confinement 

and others. Among the many variables that influence plasma expansion, atomic mass of 

the ionic species and that of the surrounding gas are equally important [3.28]. It is well 

known that there are three different regimes of the plume expansion in the background 

gas pressure case [3.29, 3.30]: 

- Free-plume regime or adiabatic regime (at low pressure),  

- Collisional regime (at intermediate pressure), and 

- Thermalization regime (at high pressure). 

 

The adiabatic expansion regime is formed when the plume expands freely and at 

constant rate. This is due to the fact that the distance between the atoms in the 

background gas is much larger than that between the plume species [3.31]. This 

situation allows for complete absorption of laser energy by the plume and conversion of 

the same into kinetic energy leading to large plume velocities of expansion. 
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The species propagate at extremely high velocity during further expansion. Several 

models have been proposed [3.32], typically the hydrodynamics model [3.33], Monte 

Carlo simulations [3.34], gas-dynamics and energy conservation equations have been 

used to describe the plume expansion in the vacuum and low background pressure case 

[3.35]. Most of these models only managed to simulate the late phases of plasma plume 

propagation, by making use of the assumption of certain inputs from the parameters of 

the ablated material either at the end of the laser pulse or before the plume’s three-

dimensional expansion begins. Moreover, most of these models include certain kinds of 

surrounding gases and targets. Their effectiveness is fairly limited since these models 

do not cover a wider range of gases and targets [3.36].  

 

In the case of a plasma plume expanding into high background gas pressure, strong 

penetration of the laser plasma and surrounding gas are the characteristics of the plume 

propagation [3.37]. In this situation, the effects of collision begin to influence. When the 

original removed mass and laser energy forming the plasma are not sufficiently high, 

the plume can be so weak that no hydrodynamic effects can be observed. The ablated 

materials diffuse into the background gas. Additionally, during the plume growth the 

existence of the background gas can furthermore result to reactive scattering, 

thermalization of the plume and improved condensation which in turn leads to cluster 

and nano-particles forming [3.38, 3.39].  

 

As the surrounding gas pressure increases, a stronger interaction between the plasma 

and the background gas happens. This results in the ablated materials beginning to 
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successfully shift the surrounding gas atoms across to the accumulation of collisions. 

This results in a compression of the adjacent surrounding gas leading to a 

hydrodynamics regime of the expanding plume. The plume acts as a piston on the 

surrounding background gas which counteracts and halts the expansion of the plume. 

This leads in the confinement of the plume that also impacts the plume cores.  

 

The plume confinement results in the release of several photons from the inner sections 

of the plume because of the creation of high density peaks of the plume [3.40, 3.41]. 

Moreover this is likely to increase excitation/ionization at the plume front as a 

consequence of the heating of the plume; which originates from the collisions. The 

plume is retarded mostly alongside the normal of the target surface.  

 

3.6 Point-blast-wave Model 
 

Here we will briefly discuss the point-blast-wave [3.42] and classical drag [3.43] models 

among the plasma plume expansion models in ambient gas. In order to investigate the 

existence of a shock wave during the expansion of the PLD plume in the presence of 

surrounding gases, position-time plots as the plume end advances are employed.  The 

laws of conservation of mass, momentum and energy have been applied to determine 

the velocity of the growing plasma/plume front, the density, pressure and temperature 

in the shock region. The velocity (𝑉𝑠ℎ), temperature (𝑇𝑠ℎ) and density (𝜌𝑠ℎ) of the 

shocked region are given by [3.44] 

𝑉𝑠ℎ ≈ (
𝛾+1

2
) 𝑉          (3.5) 
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𝑇𝑠ℎ ≈
2𝛾

𝛾+1
[

(𝛾−1)

(𝛾+1)
𝑀2 + 1] 𝑇0        (3.6) 

𝜌𝑠ℎ = 𝜌0 (
𝛾+1

𝛾−1
)         (3.7) 

where 𝑉 is the velocity of the growing plume front which is determined by using the 

position-time plot, 𝑀 is called the Mach number which is determined as follow: 𝑀 =
𝑉

𝑎
, 𝑎 

is the sound speed, 𝑇0 is the temperature of the background gas and 𝜌0 is the gas density 

at standard temperature and pressure. The plasma plume parameters (𝑃1, 𝑉1, 𝜌1) can be 

calculated using conservation of mass, energy and momentum laws together with 

unperturbed gas known parameters [3.45].  

𝑃1 =
2𝜌0𝑉2

(1+𝛾1)
          (3.8) 

𝑇1 =
𝑃1

(𝑅𝜌1)
          (3.9) 

The plume growth into a buffer gas has been described using point-blast-wave 

equations [3.42]. The relationship between the position of the shock front, 𝑅, and the 

time 𝑡 is exhibited as [3.46], according to the point-blast-wave: 

𝑅(𝑡) = (
𝛼𝐸

𝑔

)

1

(𝑛+2)
𝑡

2

(𝑛+2),        (3.10) 

where 𝐸 is the freed energy from the explosion and 
𝑔

 is the buffer gas density, while 

𝑛 = 1,2,3 and 𝛼 = 1.845, 1.015 &1.175  for plane-wave, cylindrical- and spherical-

propagation, respectively. 
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Originally, the shock-wave creation energy through collision with the buffer gas is 

supplied by the ablated particles, which eventually result in plume thermalization. The 

shock-wave propagation rise to almost hemispherical behaviour when the distribution 

of the particle energy develops more isotropic as observed in number of PLD 

experiments [3.46]. The above equation can be written in terms of the emancipated 

energy, 𝐸, of the blast-wave from the explosion in the event of hemispherical expansion 

where 𝐸 can be taken to be equivalent to the double hemispherically growing plume 

energy 𝐸𝑃, and the buffer gas pressures 𝑃𝑔 [3.42, 3.46], as 

𝑅(𝑡) = 𝜉 (
𝐸𝑃

𝑃𝑔
)

1

2
(𝑐𝑔𝑡)

2

5         (3.11) 

where 𝜉 is a dimensionless constant, which for 𝛾 =
5

3
  assumes a value of ≈ 1 , and 𝑐𝑔 is 

the speed of sound in the undisturbed buffer gas. This model is restricted between the 

two extremes given by [3.46] 

(
3𝑀0

2𝜋𝜌0
)

1

3
≪ 𝑅 ≫ (

𝐸

𝜌0
)

1

3
         (3.12) 

where 𝑀0 is initial explosion mass. Equation (3.12) can be expressed as 

𝑅 = 𝑎𝑡𝑛          (3.13) 

where 𝑎 is a constant, 𝑛 is an exponent and has a typical value of 0.4 which is applicable 

for an ideal shock condition and assumes a value of 1 for a free-expansion of the plasma 

plume. 
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3.7 Classical Drag Model 
 

The experiments conducted on the plasma plume propagation concluded that the 

propagation will end at a finite distance. And these distances and the corresponding 

stopping times can be described by employing the so called “classical drag force model” 

[3.47]. The released pulse of ablation products in a classical drag model is considered as 

an assemblage that encounters a viscous force which is proportional to its velocity 

through the surrounding gas. The plasma plume progressively slows down in a drag 

model and ultimately comes to the end because of the drag force. The plume length or 

stopping distance is defined as the distance in mm from the target at which the plume 

spread ends [3.48]. The buffer gas pressure is equal to the plasma plume pressure at 

this said “plume length”. The plasma plume front expansion is derived as follows: The 

motion equation is 𝑎 = −𝛽𝑣, giving 

𝑣 = 𝑣0𝑒−𝛽𝑡 = 𝑣0 − 𝛽𝑥        (3.14) 

𝑥 = 𝑥𝑓[1 − 𝑒−𝛽𝑡]         (3.15) 

where the slowing coefficient is 𝛽 and 𝑥𝑓 =
𝑣0

𝛽
 is the plume stopping distance. 

 

3.8 Plume-Substrate Interaction 
 

In PLD, the attachment of the plume species onto the substrate for film growth happens 

instantaneously. This is because the atomistic processes happen at much smaller time 

scale than the plume pulse duration [3.48]. A relatively long time interval occurs after 

each instantaneous deposition where no deposition takes place. After deposition, which 

happens instantaneously, there is a second process, called nucleation, which takes place 
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on the substrate. Nucleation is random and is observed to happen after the plume pulse 

duration. The instantaneous deposition rate is controlled using these parameters; laser 

energy density at the target, the target-substrate distance and surrounding gas pressure 

[3.49]. 

 

3.9 Thin Film Growth 
 

PLD has been successfully used to grow several materials including transparent 

dielectrics, semiconductors, metals, and superconductors [3.50]. PLD is favoured when 

compared to other synthesis methods. This is because of the nature of the pulsed laser 

(as one can count and choose the exact number of pulses), the probability of carrying 

out surface reactions when the surface is not in thermal equilibrium and in chosen 

suitable conditions or parameter, the capability to replicate thin layers with repeatable 

elemental ratios. Willmott et al. [3.51] stated that although there is a variety of kinetic 

energies of the hitting species for which surface mobility and reactivity are improved, 

the bulk of the substrate remains unchanged. Generally this lies at about 50 eV and this 

calculation is based on the bond strengths. The kinetic energies of neutral species in 

ablation plume are lower than the bulk damage threshold energies. Furthermore, if 

required, it is possible to tune the energy of the ion to fit a particular 

purpose/experiment by biasing the substrate potential.  

 

It is possible to modify the film growth and chemistry in PLD by being deposited in the 

buffer gas. The purpose of the buffer gas in PLD is either to make plasma species hotter 

than vacuum condition through various collisions or to make ablation amounts 
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congruent at the target [3.52]. H2, CH4, N2 and O2 are typical gases used in PLD to 

develop reactions mostly with metal elements, to synthesize either oxides, nitrides, 

carbides or hydrides [3.53]. In PLD, compound targets are often obtainable, mostly in 

the deposition of ceramic and dielectric films and including multi-elemental nitrides, 

carbides and oxides. This is one of the PLD advantages over other synthesis approaches, 

and has been often used in ceramic superconductors thin film growth. The purity of the 

target material is hardly better than 1 in 10 000. [3.54].  

 

The combination of the deposition process is considered to be diffusion and an ad-atom 

adsorption on the surface [3.55, 3.56]. Adsorption of plume species on the substrate 

happen at very low energies of the order fractions of eV without bonding whereas 

chemisorption takes place when the species make chemical bonds with surface. The 

chemisorption energies range from 3 to 5 eV [3.57]. Diffusion can be due to either 

concentration or thermal gradients. In the case of high energy PLD, thermal diffusion is 

most prevalent. Factors as the activation of the substrate, temperature, the presence of 

other competing species, the nature of the adsorbate, surface roughness, and defect 

concentration affect the adsorption and diffusion processes [3.58]. 

 

3.10 PLD for VO2 Thin Films 
 

Borek et al. [3.59] was the first to use PLD to deposit VO2. They annealed the so-

deposited thin layer for 1 hour in the same temperature and pressure that was used for 

deposition to obtain VO2 (M1) films which have the MIT property. Shortly after that, 

several studies were done to synthesized VO2 and VxOy using PLD [3.60]. However often 
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the so-obtained VOx and VxOy thin layers were later annealed in various gas 

environments such as air, O2, Ar or N in order to alter or improve the VO2 phase. VO2 

has been deposited on various substrates (including glass, silicon, quartz and sapphire) 

by using various targets including V, VO2, V2O3 and V2O5. A variety of nano-structures of 

VO2 have been produced including nano-particles [3.61], nano-belts [3.62], and nano-

rods [3.63] among others. 

 

The majority of reports on VO2 (M1) nano-particle deposition using PLD could only be 

synthesized after post-annealing [3.64]. The first report of room-temperature growth of 

VO2 by PLD without post-annealing is Maaza et al. [3.65] and the deposited films 

showed rather sharp phase transitions at around 70 C, even though it has not been 

reproduced by any other group yet. Kim et al. [3.66] have also reported the deposition 

of high quality VO2 films on sapphire by PLD at high temperatures without post-

annealing. Suh et al. [3.67] discussed the influence of nucleation, and growth of VO2 

nano-particles that were grown by PLD. They found that at higher temperatures, there 

was a significant proportion of V2O5 and VO2 obtained by post-deposition annealing at 

550 C. 

 

It is now well-known that the VO2 transition temperature can also be decreased by 

doping with tungsten or other elements, such as Nb, Mo, F and Ta in the proper amount 

[3.68]. Ye et al. [3.69] synthesized a thermochromic tungsten-doped VO2 powders by 

thermal reduction using V2O5 as a vanadium precursor. They successfully reduced the 

transition temperature from an initial 69.5 C to 37.8 C, proposing that tungsten-

doped VO2 possesses prominent optical switching and thermochromic properties 

characters. Hanlon et al. [3.70] deposited molybdenum-doped VO2 coating on a glass 
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substrate by the aqueous sol-gel method. Doping the VO2 layers with molybdenum 

lowered the transition temperature to 24 C.  

 

A study of the literature shows that, there are no studies that have been shown to 

reduce the VO2 transition temperature without doping. Muraoka and Hiroi [3.71, 3.72] 

have grown VO2 on TiO2 (001) and (110) substrates by PLD. They measured a large 

decrement in the MIT temperature: decreasing from 341 K for a single crystal to 300 K 

for the film on TiO2 (001) orientated substrate. In this case the decrease in the MIT 

could be attributed to the compression of the c-axis length in the TiO2 (001) oriented 

substrate. For TiO2 substrate oriented in (110) plane the MIT increases to 369 K due to 

expansion of the c-axis length. This suggested that the shortened c-axis length results in 

the lower transition temperature.  

 

On the other hand Case et al. [3.73] and Jin et al. [3.74] successfully reduced the VO2 

transition temperature to 318 K by growing on Al2O3 (0001) substrates by reactively 

sputtering. Li et al. [3.75] deposited VO2 on fused silica and silicon substrates by 

employing reactive ion sputtering in addition to post-deposition annealing.  They 

measured the transition temperature to be near 35 C. This is 33 C downshift from the 

bulk VO2 MIT of 68 C. 

 

3.11 Summary 
 

In this chapter the principles of the pulsed laser induced plasma, the role the plasma 

plume dynamics play in PLD and the quality of thin films have been discussed. 
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Chapter 4 

Investigation of Vanadium Dioxide (VO2) Plasma Plume Dynamics 
 

In the pulsed laser deposition (PLD) process, it is important to control the plume 

dynamics in order to obtain good quality and correct stoichiometric thin films or nano-

structures. An energetic laser pulse is used to heat and vaporize the material of interest 

under vacuum or in background gas at low and controlled gas partial pressures. In this 

process, the plasma formed by the leading edge of the laser pulse will be heated 

efficiently by the rest of the laser pulse. In the nano-second-long pulse laser ablation, 

the plasma expands isothermally during the laser pulse followed by adiabatic expansion 

after the laser pulse termination [4.1, 4.2]. During the isothermal regime, initially, the 

laser interacts with the target and a low temperature plasma plume is formed; 

collisional ionization and excitation coupled with the remainder of the laser pulse 

energy then rapidly heats and ionizes the plasma. A gaseous atmosphere is always used 

as a moderator to the energetic particles in the PLD process [4.3]. The presence of the 

gas influences the entire processes of plasma generation as well as expansion, and leads 

to the formation of internal plume structures, plume splitting, sharpening, confinement, 

and, in contrast, to free expanding plume experienced in a vacuum. 

 

In this chapter, we investigate the plasma formation and expansion mechanisms during 

the PLD process of vanadium oxide film deposition, since the source of the films is a 

laser generated plasma composed of neutral and ionized atoms, molecules, and other 

species. Several studies [4.1, 4.3, 4.4] have shown that plasma plume dynamics strongly 

influence the properties of thin films deposited by PLD. They also show that the plasma 

plume expansion process depends on laser intensity, pulse duration, wavelength of the 
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laser, target material and geometry, as well as the nature and pressure of the 

background gas. The plasma plume characteristics also vary with distance from the 

target surface as well as with time following the onset of plume formation.  

 

Despite all the research already published, there have been few reports on the plasma 

plume dynamics of vaporized VO2 target. Lafane et al. [4.5] studied the correlation of 

plume dynamics and oxygen pressure with VO2 stoichiometry during PLD by ablating a 

vanadium pentoxide (V2O5) target. They highlighted the effect of the plume dynamics on 

the properties of the obtained vanadium oxide thin films and found that the splitting 

into two components of the plume and a slowdown of the plume appear, coinciding with 

the appearance of the pure VO2 phase in the deposited films at a pressure of 4 × 10−3 

mbar. Here we show that the plasma plume initially expands at the same rate regardless 

of the oxygen pressure and then later deviates from this trend as it slows down.  The 

point of transition from one expansion regime to the next varies depending on the 

oxygen pressure. 

 

4.1 Experimental Set-up 

 

Figure 4.1 depicts the experimental setup which was used in this study to carry out the 

study of the plume expansion dynamics of ablation of VO2 [4.6]. During the experiments, 

the vacuum chamber was initially evacuated to a base pressure of 10-5 mbar before 

oxygen was introduced. The overall emission of the bright expanding plasma was 

recorded by means of fast intensified charge coupled device (ICCD) camera, from the 

start of the target-laser ablation event, up to the arrival of the ablated species onto the 

substrate. Two cylindrical lenses are used to focus the KrF (λ = 248 nm, τ = 25 ns) laser 
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beam on the rotating target with an incident angle of 45o. The target was a VO2 pellet of 

diameter 25 mm and thickness of 10 mm purchased from Sigma-Aldrich Company 

(manufacturer). A set of spherical, plane mirrors and a Zeiss lens (76 mm focal length, 

spectral range: 350 – 800 nm) were used to image the two-dimensional luminous 

plasma on the ICCD camera (Princeton Instruments PI-MAX as given in Figure 4.1, 1024 

x 256 pixel size = 26 x 26 µm) with a magnification of 1/3. The temporal resolution of 

the ICCD camera is 5 ns and its spectral response is within the range of 190 – 850 nm. 

The plasma plume study was carried out at vacuum and at a range of oxygen gas 

pressures (0.001-0.20 mbar). The pulsed energy was fixed at 120 mJ which gives a laser 

fluence of 2 J.cm-2. The number of accumulation, ICCD gain and gate were adjusted for 

each image to compensate for the reduction of the plume intensity during the 

expansion.  

 

Figure 4.1: Schematic diagram of the experimental set-up which was used to establish 

the VO2 plume dynamics in this study [4.6]. 
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4.2 Results and Discussion 

A. Influence of Ambient Gas on Plasma Plume Dynamics 
 

In order to better understand the role that the pressure of the background gas plays on 

the structural and morphological properties of the deposited thin films, we have studied 

the plasma plume dynamics of V-O produced by laser ablation. 2D images of visible V-O 

plasma plume emission under various oxygen pressures were captured by an ICCD 

camera at regular time intervals starting from the beginning of the laser-target 

interaction as given in Figures 4.2 (a) and 4.2 (b). Each 2D image represents the 

spectrally-integrated emission in the range of 400 – 800 nm that is due to emission from 

the excited states of various species and they are not representative of the total flux of 

particles due to that part of the plasma plume, which is nonluminous.  At vacuum and 

low pressures 10-2 mbar, the plasma plume expands freely without any external 

viscous force. The images show that in the earlier time the expansion is mono-

dimensional in the normal direction to the target and after a few hundred of nano-

seconds the pressure gradients equilibrate and the plasma plume extends in the 

directions to the substrate.  
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Figure 4.2 (a): The temporal evolution of the visible spectra range of the plasma at 

various oxygen pressures after laser to VO2 target interaction. 
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Figure 4.2 (b): The temporal evolution of the visible spectral range of the plasma 

plume at various oxygen pressures after the laser-to-VO2 target interaction (expanded 

time-scale). 

 

The effect of background gas on the expansion dynamics becomes noticeable at 0.01 

mbar pressure, resulting in the observation of plume splitting and enhancement of 

emission intensity. For oxygen pressures 0.004 mbar the plume appears to 

experienced free expansion. There is no plume-to-oxygen gas boundary, as is evident in 

Figure 4.2 (a). However, in the oxygen pressure ranges of 0.01 mbar to 0.20 mbar, the 

plume is confined and splits into two components. The confinement and splitting of the 

plume varies, depending on the time delays and the oxygen pressure as shown in Figure 

4.2 (b).  
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Several authors [4.6, 4.7, 4.8, 4.9] have observed the plume splitting and have different 

opinions on its origins. Wood et al. [4.9] discussed this phenomenon based on the 

combination of multiple elastic scattering and hydrodynamic formulations. The splitting 

of the plasma plume into two components indicates the interaction between the plume 

species which are scattered in a backward direction after collisions with background 

gas molecules and the incoming particles [4.10]. The results of this interaction are the 

formation of a shock front and enhancement of the plume luminosity at the plume-to-

oxygen edge. Highly reactive atomic oxygen is produced in the shocked layer and 

oxygen enrichment in the deposited films is expected. A shock wave may develop if the 

mass of the ablated material is lower than the mass of the surrounding background gas 

the plasma plume had set in motion, and if the pressure driving the moving front of the 

plasma plume is greater than the pressure of the background gas at rest [4.11]. The 

development of the shock wave is indicated by the appearance of a visible edge at the 

contact front between the plasma and the surrounding gas. As the plasma propagates, 

we observed a visible edge of the plume as shown in Figure 4.2 (b). Several authors 

reported on this visible plasma edge and they suggested that the visible plume edge 

implies that high kinetic energy particles are emitted closer to the target surface normal 

[4.11, 4.12]. And also, it was attributed to the deceleration of a part of the plasma plume 

due to the interaction with background gas or due to the formation of molecular species 

as reported by Kushwaha et al. [4.13]. 
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Figure 4.3: Propagation of plasma plume front position for different oxygen pressure. 

The inserted graph shows the linear early expansion region. 

 

The propagation of the plasma front position as function of time and oxygen pressure is 

shown in Figure 4.3. We observed that the plasma plume expands at the same initial 

rate at various oxygen pressures (see insert graph in Figure 4.3). At oxygen pressures 

<0.2 mbar, the expansion initially remains linear (free-plume emission expansion) and 

then becomes non-linear by expanding at a decreasing rate as time increases until the 

expansion remains nearly constant. With the non-linear regime, one can speculate that 

the ejected species collide with the oxygen gas molecules and lose their kinetic energy 

and later the plume expansion stops completely. The ejected species diffuse into the 

surrounding oxygen environment until they reach a distance where they lose their 

kinetic energy. At 0.1 and 0.2 mbar oxygen pressure, the plasma plume expansion 
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dynamics passes from free-like to shock-like and finally reaches a stopping time and 

distance as indicated in Figure 4.3. We observed deviations from linear expansion for 

oxygen pressures <0.004 mbar. The point of transition from one expansion regime to 

the next varies depending on the ambient gas pressure. 

 

B. Classical Drag Model 

 

The classical drag model predicts that the plume progressively slows down and 

eventually comes to rest due to the resistance from collisions with the background gas. 

In a classical drag force model (as discussed in Chapter 3, section 3.5), the ejected pulse 

of ablation products is regarded as an ensemble which experiences a viscous force 

proportional to its velocity through the background gas. If, 𝑥𝑓 =
𝑣0

𝛽
 is the distance from 

the target at which the propagation ceases (so-called stopping distance) [4.11, 4.14], 

then the position of the plume front is given by  

𝑥 = 𝑥𝑓[1 − 𝑒−𝛽𝑡]         (4.1) 

where 𝛽 is the slowing coefficient and 𝑣0is initially velocity. By differentiating equation 

(4.1) with respect to time, one can find the instantaneous velocity of the plume front 

which can be given as  

𝑑𝑥

𝑑𝑡
= 𝑣(𝑡) = 𝑣0𝑒−𝛽𝑡         (4.2) 
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Figure 4.4: Propagation of plasma plume front position for different oxygen pressure 

fitting with the classic drag model which is indicated by black line. 

 

We fitted the experimental data using the classical drag model equation given in 

equation (4.1) and then, by deriving the predicted plume emission species trajectory, 

the velocity and target-substrate distance were deduced. Figure 4.4 indicates the fit of 

the classical drag model equation to the experimentally data for different oxygen 

pressures. The classical drag model fit given in Figure 4.4 agrees well at later stages of 

the plume propagation data obtained from ICCD images. The classical drag model 

parameters values are shown in Table 4.1.  
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Table 4.1: Drag model parameter values for the plasma plume at different oxygen 

pressures. 

  
Classical drag model 

Pressure 
(mbar) xf (cm) β (µs-1) v0(106cm/s) 

0.2 3.6 2.93 10.5 

0.1 3.8 2.31 8.8 

0.05 4.2 2.03 8.6 

0.01 4.8 1.76 8.4 

 

 

Figure 4.5: Plasma plume stopping distance for different oxygen pressure as indicated 

in Table 4.1. 

 

One observes that the classical drag model predicts that the stopping distance decreases 

as the oxygen gas pressures increases as given in Table 4.1 and Figure 4.5. This is 

expected and could be due to the collisions between the plume species with the oxygen 
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gas molecules a phenomenon which further results in the increases in viscous force. 

Additionally, the decreasing of the stopping distance is attributed to a loss of kinetic 

energy of the ejected species due to collisions with the oxygen gas, until finally the 

process is driven by diffusion of the ejected species into the surrounding oxygen 

environment.  

 

Ngom et al. [4.15] found that the initial velocity (𝑣0) is in the same order from vacuum 

(1.820 x 104 m/s) to 0.2 mbar (1.783 x 104 m/s). As they increased the pressure, the 𝑣0 

decreases from 0.3 mbar (1.65 x 104 m/s) to 0.8 mbar (1.39 x 104 m/s). They 

determined the 𝑣0 by making use of the linear fit fitted to the plasma dynamics graph at 

early time and propagation. In this study by making use of the same approach, the 𝑣0 

was determined to be in the same order (2 x 106 cm/s) for pressures between 0.01 – 0.2 

mbar which corresponds very well with the Ngom et al. [4.15] finding. Moreover, this 

also corresponds well with the linear expansion of the plasma plume observed at initial 

time and propagation regardless of oxygen pressures, as shown in Figure 4.3, which 

means that the ejected species are not affected by the oxygen pressure in the initial 

stage only.  
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Figure 4.6: Plasma plume initial velocity for different oxygen pressure as indicated in 

Table 4.1. 

 

The classical drag model predicted that 𝑣0 in this study decreases as the pressure 

decreases from 0.2 mbar (10.5 x 106 cm/s) to 0.01 mbar (8.4 x 106 cm/s) as given in 

Table 4.1 and Figure 4.6. Whereas in Ngom et al. [4.15], the classical drag model 

parameters predicted that the 𝑣0 is increases as the pressures decreases. Harilal et al. 

[4.12] and Ngom et al. [4.15] are some of the several authors who used the classical drag 

model to describe the plasma plume expansion and found that the plume expansion at 

later stages was well described by the classical drag model, which is in agreement with 

this work. However Geohegan et al. [4.16] fitted the classical drag model to the 

propagation of the YBCO plasma plume front data and found that the model shows 

better agreement at low background pressure (0.13 mbar)  and initial expansion times.  
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C. Point-Blast-Wave Model 

 

The point-blast-wave model predicts that the plume will continue to propagate by 

neglecting viscosity. The point-blast wave model is known to be accurate in the initial 

shock propagation conditions. The position of the plume front from the target, at time t, 

can be described as [4.11, 4.17]: 

𝑥(𝑡) = 𝜉 (
𝐸

𝜌
)

1

𝑛+2
𝑡

2

𝑛+2,         (4.3) 

where 𝜌 is the background gas density, 𝐸 is the amount of energy released during the 

ablation, 𝜉 is a constant which is dependent on the specific heat capacity ratio and 𝑛 is 

equal to 3, 2, 1 for spherical-, cylindrical- and plane-wave propagation types 

respectively. We note that the plume expansion, 𝑥(𝑡) follows a simple power law, 

proportional to 𝑡0.4,𝑡0.5 ,𝑡0.7 for spherical-, cylindrical-, and plane-wave propagation 

types, respectively. The particle energy distribution becomes more isotropic, giving rise 

to the approximately hemispherical behaviour of the shock-wave propagation observed 

in a number of PLD experiments [4.17]. When one needs to find the rate of this 

expansion, one needs to differentiate equation (4.3) with time and this yield 

𝑣(𝑡) =
𝑑𝑥

𝑑𝑡
=

2

𝑛+2
𝜉 (

𝐸

𝜌
)

1

𝑛+2
(𝑡

2

𝑛+2𝑡−1)       (4.4) 

Comparing the shock wave velocity equation (4.4) to the classical drag velocity equation 

(4.2) reveals the fact that while the initial velocity 𝑣0 in the classical drag equation must 

be a constant regardless of the partial pressures of the gases in the chamber, the 

instantaneous velocity of the plume front from the shock wave equation must decrease 

with time until the stopping distance. 
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Figure 4.7: Propagation of plasma plume front position for different oxygen gas 

pressure fitting with the point-blast-wave which is indicating a free-expansion (black), 

plane-wave front (magenta), cylindrical-wave front (red) and spherical-wave front 

(blue). 

 

Figure 4.7 indicates the propagation of plasma plume front position for different oxygen 

gas pressure fitted with the shock-wave model. The shock-wave model fits well at 

intermediate stages indicating that this is where the shock-wave phenomenon 

approximately takes place. This was observed by Tillack et al. [4.18] as well. The model 

indicates that the shock-wave front changes from plane-wave to cylindrical for both low 

oxygen pressures (0.01 and 0.05 mbar) at the certain distance and time, as given in 

Figure 4.7. At high oxygen pressures (0.2 and 0.1 mbar), the shock-wave front changes 

from plane-wave front propagation to spherical-wave front (which is an ideal shock 

condition) for certain distance and time, as shown in Figure 4.7. This is expected as we 
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observe the plume species interact with the oxygen gas in the captured ICCD images 

which results in the sharpening of the plume at the edge. This is the time when the 

shock-wave takes place as given in Figures 4.2 (a) and 4.2 (b). Misra et al. [4.19] 

observed that the plume propagation changes with increasing oxygen gas pressure and 

they speculated that this is due to the growth of instability at high pressure.  

 

In this chapter, we conjecture that the plume propagation transformations with respect 

to the increasing oxygen gas pressure is due to the plasma-oxygen interactions which 

homogenizers the plasma front shape to a hemispherical shape and which in turn  leads 

to ideal hemispherical shock-like expansion. The experimental results fit well with the 

model at intermediate times and this may be due to the diffusion of ambient particles in 

the ablated plasma which leads to increase in collision at later times. 

 

4.3 Conclusions 
 

The expansion dynamics of a laser ablation plume produced during KrF excimer laser 

irradiation of a VO2 target in oxygen ambient was investigated using a fast ICCD camera. 

The time evolution of the plume images has enabled observations of the plume 

propagation behaviour under different background gas pressures, from vacuum to a few 

mbars. The experimental findings reveal several interesting features which are of 

general character and interest, with the temporal dynamics found to be dependent on 

the oxygen pressure. The classical drag and shock-wave models were used to 

understand the plasma plume expansion and plume species propagation. The stopping 

distance, initial velocity, slowing coefficient and the shock condition were determined. 
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The classical drag model fitted well at later stages to the ICCD plume images. The shock-

wave model fitted well at intermediate stages of the ICCD plume images. The Ideal 

shock condition was determined at high oxygen gas pressure. These results were 

consistent with the ICCD plume images observation of the shock sharpening and shock 

wave at the ICCD images. 
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Chapter 5 

Investigation of Vanadium-Oxygen Plasma Species Emission in Oxygen 

Ambient 
 

The plasma plume expansion and propagation in various oxygen gas pressure was 

investigated in Chapter 4. The results indicated that the plasma plume propagation from 

one expansion regime to the next varies, depending on the oxygen gas pressure. It is 

important to investigate the chemical species that constitute the sample by making use 

of the same plasma formed by a focused laser pulse in pulsed laser deposition (PLD) 

and optical emission spectroscopy (OES) [5.1]. This is suitable for performing the 

deposition process control [5.2], and this depends on the understanding of the basic 

physics and chemistry associated with laser-target and particle-particle interaction 

inside the laser induced plasma plume [5.3]. The physico-chemical characteristics of the 

obtained thin films depend on irradiation conditions such as laser energy density, laser 

wavelength, laser pulse duration, the nature of the background gas and the substrate 

temperature [5.4]. The interaction process of the laser–induced plasma with the 

background gas is very complex and leads to a deposited thin film with different 

properties in the presence of the background gas. It is important, then, to have good 

control of these phenomena and of the ablated target surface, in order to understand 

the laser ablation process and deposition of thin films [5.4].   

 

Vanadium-oxygen plasma induced by laser in a background gas has allowed depositing 

a variety of thin films such as vanadium pentoxide (V2O5) [5.5], vanadium trioxide 

(V2O3) [5.6], vanadium dioxide (VO2) [5.7] and a series of oxides [5.8]. Despite all the 

research already published there have been no reports on the plasma plume species of 



73 
 

vaporized VO2 and vanadium (V) targets. Beke et al. [5.9] studied the elemental 

composition and temporal and spatial distributions of vanadium atoms and ions in the 

laser-induced vanadium oxide plasma by ablating V2O5 under high vacuum using OES. 

They measured two dominant species: neutral V atoms and single V ions. In this 

chapter, the effect of an oxygen atmosphere on the emission species of a vanadium-

oxygen plasma generated using 248 nm, 25 ns pulses from an excimer KrF laser have 

been investigated by using a fast intensified charged coupled device (ICCD) camera and 

optical emission spectroscopy. The ambient gas effect on plasma plume species 

propagation will be discussed for both target (VO2 and V). 

 

5.1 Experimental Set-up 
 

The schematic diagram of the experimental setup used to conduct the study of the 

emission species of VO2 and V plasma plume of the laser-ablated targets in this Chapter 

is discussed in Chapter 4 and is shown in Figure 4.1. It will be only briefly discussed 

here. The optical emission study of ablation plasma plume of VO2 and V targets were 

carried out under vacuum and in a gas pressure range of 0.01-0.20 mbar, making use of 

a spectrometer, a digital oscilloscope, a photomultiplier and as well an ICCD camera. 

The entrance slit spectrometer was fixed to width of 100 µm and height of 2 mm. This 

determines the viewed plasma portion and the spatial resolution (100 µm X 2mm). The 

plasma emission is translated horizontally with a step of 0.3 mm on the spectrometer 

entrance slit to provide spatially resolved measurements. A spectrometer containing a 

1200 grooves/mm grating leading to a spectral resolution of 0.08 nm is coupled to a fast 

Hamamatsu R928 photomultiplier with 2.2 ns rise time. The latter is connected to a 

digital oscilloscope (Tektronix TDS3032) with a 400 MHz band pass. The pulsed energy 
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was fixed at 120 mJ which gives a laser fluence of 2 Jcm-2. The plume emission species of 

VO2 and V experiments were conducted using the same oxygen pressures (0.01 to 0.2 

mbar) and pulsed energy conditions as that used for the plasma plume study in Chapter 

4, as the viewing optics position from the surface targets varied. 

 

5.2 Results and Discussion 

A. Influence of Ambient Gas on Plasma Plume Species Emission 

 

Due to the importance of the plume-oxygen gas interaction on the degree of oxygen 

incorporation into the deposited films, a characterisation study of VO2 and V laser 

ablation in the oxygen environment by optical emission spectroscopy was done. The 

optical emission spectroscopy was used to diagnose the plasma plume [5.10] and it is 

suitable for performing the deposition process control. All emission species as a 

function of the distance from the target surface have been measured. Table 5.1 

summarises the main emission lines recorded during VO2 and V ablation for several 

oxygen pressures, showing the peak wavelength and excitation energy.  

 

Table 5.1: Optical emission lines with corresponding electron transitions in V atoms (V 

I), singly charged V+ ions (V II) and VO. 

Atomic species Wavelength (nm) Energy (eV) Transition 

V I 437.85 6.746 1S4-4F3/2 

V II 326.1 14.618 1S2-5D0 

VO 608.56 2.037 - 
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B. Intensity of the Plasma Plume Species of Ablated VO2 and V Targets 

 

The maximum emission intensity of V I, V II and VO were measured for different oxygen 

pressure and under vacuum. The maximum emission intensity of all the species was 

determined from the emission intensity spectrum of the species. The emission intensity 

spectrum of the species was recorded at each position from the target surface using 

digital oscilloscope and photomultiplier. The typical example of the emission intensity 

spectrum of the species is shown in Figure 5.1. The spectrum indicates that the emission 

intensity rapidly rise to the maximum and decay fast to the minimum. The maximum 

emission intensity of the species at each position from the target surface then was 

determined from the emission spectrum.  

 

Figure 5.1: Typical example of the emission intensity spectrum. 

 

The maximum emission intensity of V I, V II and VO are plotted versus the 

corresponding observation distance for different oxygen pressure and under vacuum, as 

shown in Figure 5.2. We observed a linear increase on the emission intensity close to 
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the target surface until the emission intensity reaches the maximum for all the species 

as shown in Figures 5.2 (a), 5.2 (b) and 5.2 (c), respectively.  

 

Figure 5.2 (a): The maximum emission intensity of the species V I (of VO2 target) as a 

function of the distance from the target surface for different oxygen pressure. 

 

Figure 5.2 (b): The maximum emission intensity of the species V II (of VO2 target) as a 

function of the distance from the target surface for different oxygen pressure. 
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Figure 5.2 (c): The maximum emission intensity of the species VO (of VO2 target) as a 

function of the distance from the target surface for different oxygen pressure. 

 

V I emission intensity has a wide profile with a maximum at approximately 10 mm from 

the target surface and slow decreases with the distance from the target surface, as 

shown in Figure 5.2 (a). Concerning the emission intensity of V II and VO, they have 

narrow profiles with maxima at approximately 7.5 and 6 mm, respectively from the 

target surface and slowly decreasing with the distance from the target surface as shown 

in Figures 5.2 (b) and 5.2 (c). However, as for the emission intensity of V II in vacuum, 

one observes a decrease as the distance from the target surface increases. Beyond a 

distance of 35 mm for V I species and 20 mm for species V II and VO, no emission is 

observed. We observed relatively higher emission intensity at high oxygen pressures 

than at lower oxygen pressures. Table 5.2 indicates the analysis of the species ratio. The 

analysis indicates that the V II species is highest, V I species is medium and VO species is 



78 
 

lowest. As the distance increases, the V II species rapidly increases and decay quickly. 

While the V I species increases slows. Whereas VO species decreases slows. 

 

Table 5.2: Analysis of the species ratio of VO2 target. 

Position Relative intensity of the 

species (arb. units) at 0.1 

mbar 

Percentage (%) 

(mm) V I V II VO Total V I V II VO 

1 0.03 0.06 0.02 11.41 29.61 51.75 18.63 

2 0.06 0.06 0.01 13.42 46.83 44.31 8.87 

3 0.16 0.20 0.01 37.18 42.04 54.49 3.47 

4 0.28 0.38 0.03 68.75 40.53 54.84 4.63 

5 0.34 0.47 0.05 85.36 39.92 54.70 5.38 

6 0.37 0.49 0.05 92.13 40.47 53.67 5.85 

7 0.40 0.51 0.06 96.37 41.40 52.29 6.31 

8 0.43 0.50 0.06 98.34 43.47 50.73 5.81 

9 0.44 0.48 0.06 97.88 45.43 48.95 5.62 

10 0.46 0.46 0.05 96.00 47.80 47.47 4.73 
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11 0.47 0.42 0.04 92.81 50.41 45.44 4.15 

12 0.47 0.39 0.04 89.76 52.30 43.50 4.20 

14 0.46 0.32 0.03 80.71 56.66 39.79 3.55 

16 0.42 0.25 0.02 68.84 61.23 35.63 3.14 

18 0.37 0.15 0.02 53.94 68.97 27.77 3.26 

20 0.32 0.07 0.02 40.25 78.66 16.80 4.54 

22 0.25 0.02 0.02 28.31 87.44 6.82 5.74 

24 0.16 0.00 0.01 17.63 92.63 1.97 5.13 

26 0.09 0.00 0.02 17.63 92.90 1.97 5.13 

 

 

Emission intensity of all the plasma plume species are shown in Figures 5.3 (a), 5.3 (b) 

and 5.3 (c), respectively. We observed a maximum intensity close to the target and as 

the target substrate distance increases the emission intensity decreases for all the 

plumes species as given in Figures 5.3 (a), 5.3 (b) and 5.3 (c), respectively. Additionally, 

for V I plume species the emission intensity slowly decreases until approximately 2.5 

mm and start to slowly increase again until approximately 7.5 mm as given in Figure  

5.3 (a). From 7.5 mm decreases as the target substrate distance increases as given in 

Figure 5.3 (a). We observed highest emission intensity for 0.2 mbar oxygen pressure 

followed by 0.1 mbar, 0.05 mbar, 0.01 mbar and vacuum, for all the plume species as 

given in Figures 5.3 (a), 5.3 (b) and 5.3 (c), respectively.  
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Figure 5.3 (a): The maximum emission intensity of the species V I (of V target) as a 

function of the distance from the target surface for different oxygen pressure. 

 

Figure 5.3 (b): The maximum emission intensity of the species V II (of V target) as a 

function of the distance from the target surface for different oxygen pressure. 
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Figure 5.3 (c): The maximum emission intensity of the species VO (of V target) as a 

function of the distance from the target surface for different oxygen pressure. 

 

Amoruso et al. [5.11] and Canualescu et al. [5.12] also observed the maximum emission 

intensity far from the target surface as shown in Figure 5.2. Whereas Abdelli-Messaci et 

al. [5.13] also observed the maximum emission intensity close to the target surface as 

shown in Figure 5.3. The emission increases could be interpreted as a presence of a high 

chemical reactivity in this region. It could correspond to the place of species 

condensation, which is due to the confinement of the plasma front by the gas. At the 

maximum intensity the kinetic energy of this species is very high. Thin films deposited 

within maximum intensity give a non-uniform film and a mixed structure due to the 

high kinetic energy of the species [5.11, 5.12, 5.13]. To deposit an uniform film one need 

to deposit at low intensity where the kinetic energy of the species is low. No emission 

was observed for VO at low oxygen gas pressure and vacuum as shown in Figure 5.3 (c). 

This is understandable since at low oxygen gas pressure, the plume expands freely 
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without any external viscous force and there is little interaction between the plume and 

the low density of oxygen atoms present. This is because the species are completely 

dissociated, due to the strong collisions between the plasma species. Table 5.3 indicates 

the analysis of the species ratio of V target. The analysis indicates that all species are 

highest close to the target and decay slows until it disappears. 

 

Table 5.3: Analysis of the species ratio of V target. 

Position Relative intensity of the 

species (arb. units) at 0.1 

mbar 

Percentage (%) 

(mm) V I V II VO Total V I V II VO 

2 0.44 0.50 0.03 96.77 45.78 51.57 2.66 

3 0.45 0.49 0.02 96.23 46.45 51.34 2.21 

4 0.47 0.45 0.02 93.12 49.94 48.22 1.85 

5 0.47 0.40 0.01 88.73 53.42 45.19 1.39 

6 0.46 0.35 0.01 82.15 56.48 42.73 0.79 

7 0.45 0.30 0.00 75.59 59.80 39.69 0.52 

8 0.43 0.26 0.00 69.04 62.42 37.22 0.35 

9 0.41 0.21 0.00 61.77 65.57 33.84 0.60 

10 0.38 0.15 0.00 53.44 71.67 27.70 0.63 

11 0.34 0.10 0.00 43.50 77.01 22.99 0.00 

12 0.31 005 0.00 36.02 85.78 13.82 0.00 

13 0.26 0.02 0.00 28.58 91.31 8.22 0.00 
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14 0.21 0.01 0.00 22.40 95.09 4.32 0.00 

15 0.20 0.01 0.00 20.28 96.65 2.86 0.00 

16 0.11 0.00 0.00 11.42 96.30 0.00 0.00 

 

C. Spatio-Temporal Evolution of Plasma Plume Species of VO2 and V Targets 

 

The classical drag model was used to describe the plasma plume species expansion for 

both VO2 and V targets. Figure 5.4 shows the propagation graphs for all the species (V I, 

V II and VO) of VO2 target. These graphs indicate the function of the distance from the 

target surface against the function of the time at various oxygen pressures for 2 J/cm2 

laser fluence fitted with the classical drag model, respectively. 

 

Figure 5.4 (a): Propagation of V I plume species (of VO2 target) for different oxygen gas 

pressures fitted with the classical drag model (red) and a free-expansion (black). 
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Figure 5.4 (b): Propagation of V II plume species (of VO2 target) for different oxygen 

gas pressured fitted with the classical drag model (red) and a free-expansion (black). 

 

Figure 5.4 (c): Propagation of VO plume species (of VO2 target) for different oxygen gas 

pressures fitted with the classical drag model (red). 

 



85 
 

From all the Figures 5.4, we observe that V I, V II and VO evolutions have the same 

behaviour up to approximately 12 mm from the target surface for different oxygen 

pressures, which means that the various species propagate at the same speed. At oxygen 

pressures of 0.1 mbar and 0.2 mbar, the expansion remains linear in the early time and 

the deviation increases with increasing time from free-plume species emission 

expansion to plume species emission slowing down for all the species. In this regime of 

the propagation, the ejected species collide with the oxygen gas molecules and lose their 

kinetic energy and later the plume species emission stops completely. The ejected 

species diffuse into the oxygen gas until they reach a distance where they lose their 

kinetic energy. The classical drag model fitted very well with the experimental data for 

all the species and at the later stage. The stopping distance, initial velocity and slowing 

coefficient are given in Table 5.4.  

 

Table 5.4: Drag model parameter values for the plasma plume of VO2 target at different 

oxygen pressures. 

Classical drag model parameter for VO2 target 

 Pressure 

(mbar) 

0.2 0.1 0.05 0.01 

V I Xf (cm) 0.30 0.33 0.50 0.65 

β (µs-1) 3.19 3.12 4.31 4.81 

V0 (106 cm/s) 0.94 1.04 2.14 3.14 

  

V II Xf (cm) 0.28 0.30 0.59 - 
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 β (µs-1) 2.71 2.63 3.39 - 

 V0 (106 cm/s) 0.76 0.78 1.98 - 

  

VO Xf (cm) 0.26 0.28 - - 

 β (µs-1) 2.48 2.65 - - 

 V0 (106 cm/s) 0.63 0.75 - - 

 

 

Figure 5.5 (a): Plasma plume stopping distance for different oxygen pressure (of VO2 

target). 
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Figure 5.5 (b): Plasma plume initial velocity for different oxygen pressure (of VO2 

target). 

 

The stopping distance and the initial velocity for all the species decreases as the oxygen 

gas pressure increases as indicated in Table 5.4, Figures 5.5 (a) and 5.5 (b), respectively. 

This is expected especially on the stopping distance due to the fact that as the oxygen 

gas increases the plume species interact with the oxygen gas and this slows the plume 

species propagation. While the increases of the initial velocity of the species is not in 

agreement with plume initial velocity in Chapter 4, which decreases as the oxygen 

pressure increases as shown in Figure 4.6 and Table 4.1. Currently, the reason for this 

observation is not yet known. However, may be this is due to the fact that some 

individual species velocity increases and other species velocity decreases as the oxygen 

gas pressure increases thus make the average plume initial velocity decreases.  
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Figure 5.6 shows the plot of the distance from the target surface against maximum time 

graph of the studied species (V I, V II and VO) of V target for the various oxygen 

pressure fitted with the classical drag model, respectively. Figure 5.6 (a) reveals a linear 

increase for vacuum, and these 0.01 – 0.1 mbar oxygen gas pressure, respectively. While 

for 0.2 mbar reveals a linear increase at early time and deviates as the distance from the 

surface target increases as shown in Figure 5.6 (a). This was also observed for all the 

species and oxygen pressures (Figures 5.6 (b) and 5.6 (c), respectively). The classical 

drag model fitted well at later stage for only oxygen pressures 0.1 and 0.2 mbar (Figure 

5.6). For plume species V I, the model fitted well only for 0.2 mbar oxygen pressure 

(Figure 5.6 (a)). Whereas for plume V II and VO, the model fitted well at later stage for 

high oxygen pressures only (0.1 and 0.2 mbar) (Figures 5.6 (b) and 5.6 (c), 

respectively).  

 

Figure 5.6 (a): Propagation of V I plume species of (of V target) for different oxygen gas 

pressures fitted with the classical drag model (red) and a free-expansion (black). 
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Figure 5.6 (b): Propagation of V II plume species (of V target) for different oxygen gas 

pressures fitted with the classical drag model (red) and a free-expansion (black). 

 

Figure 5.6 (c): Propagation of VO plume species (of V target) for different oxygen gas 

pressures fitted with the classical drag model (red). 
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Table 5.5 shows the classical drag model parameter values for the plume species at 

different oxygen pressures of V target. The classical drag model didn’t fit with the 

experimental data for low oxygen pressure (0.01 and 0.05 mbar) for all the plume 

species (Figure 5.6). For high oxygen pressures (0.1 and 0.2 mbar), we found that the 

stopping distance and initial velocity increases as the oxygen pressure decreases (Table 

5.5) for plume species V I and VO. 

 

Table 5.5: Drag model parameter values for the plume species of V target at different 

oxygen pressures. 

Classical drag model parameter for V target 

 Pressure 

(mbar) 

0.2 0.1 0.05 0.01 

V I Xf (cm) 0.23 - - - 

β (µs-1) 2.16 - - - 

V0 (106 cm/s) 0.51 - - - 

  

V II Xf (cm) 0.21 0.24 - - 

 β (µs-1) 1.84 2.17 - - 

 V0 (106 cm/s) 0.39 0.52 - - 

  

VO Xf (cm) 0.22 0.22 - - 

 β (µs-1) 1.97 2.13 - - 

 V0 (106 cm/s) 0.43 0.48 - - 
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Point-blast-wave model was used also to describe the plasma plume species expansion 

for both VO2 and V targets. Figure 5.7 is a plot of the distance from the target surface 

against the maximum time graph of the studied species of VO2 target for the different 

oxygen gas pressures. The model fitted well at later stages of plume propagation for all 

the plume species.  

 

Figure 5.7 (a): Propagation of V I plume species (of VO2 target) for different oxygen gas 

pressures fitted with the shock-wave model which is indicating plane-wave front (blue) 

and spherical-wave front (red). 
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Figure 5.7 (b): Propagation of V II plume species (of VO2 target) for different oxygen 

gas pressures fitted with the shock-wave model which is indicating plane-wave front 

(blue colour), cylindrical-wave front (pink) and spherical-wave front (red). 

 

Figure 5.7 (c): Propagation of VO plume species (of VO2 target) for different oxygen gas 

pressures fitted with the shock-wave model which is indicating plane-wave front (blue), 

cylindrical-wave front (pink) and spherical-wave front (red). 
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In Figure 5.7 (a), the model indicates that the shock-wave front is only spherical-wave 

front for high oxygen pressures (0.1 and 0.2 mbar), which is an ideal shock condition. 

Whereas for low oxygen pressures (0.01 and 0.05 mbar), the model indicates that the 

shock-wave front is only plane-wave front. In Figure 5.7 (b), the model reveals that the 

shock-wave front is spherical-wave front (0.2 mbar), cylindrical-wave front (0.1 mbar) 

and is plane-wave front (0.05 and 0.01 mbar). The model in Figure 5.7 (c) indicates that 

the shock-wave front is spherical-wave front (0.2 mbar), cylindrical-wave front (0.1 

mbar) and is plane-wave front (0.05 mbar). As discussed earlier this is expected due to 

the fact that at high oxygen gas pressure, the plume species interacts with the oxygen 

gas and at low oxygen pressure there is no enough interaction between the plume 

species and the oxygen gas as indicated in the ICCD plume images. 

 

Figure 5.8 (a): Propagation of V I plume species (of V target) for different oxygen gas 

pressures fitted with the shock-wave model which is indicating spherical-wave front 

(red).  
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Figure 5.8 (b): Propagation of V II plume species (of V target) for different oxygen gas 

pressures fitted with shock-wave model which is indicating cylindrical-wave front 

(pink). 

 

Figure 5.8 (c): Propagation of VO plume species (of V target) for different oxygen gas 

pressures fitted with the shock-wave model which is indicating cylindrical-wave front 

(pink) and spherical-wave front (red). 
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The graphs of the distance from the target surface against maximum time of the studied 

species (V I, V II and VO) of V target for different oxygen pressure fitted with the shock-

wave model for only high oxygen pressure (0.2 and 0.1 mbar) as given in Figures 5.8 (a), 

5.8 (b) and 5.8 (c), respectively. The point-blast-wave model fitted very well with the 

experimental data at the later stages of the plume species as given in Figures 5.8 (a), 5.8 

(b) and 5.8 (c), respectively. The shock-wave model indicated an ideal shock condition 

for 0.2 mbar for VO and V I plume species as given in Figures 5.8 (a) and 5.8 (c). The 

model indicates the shock-wave front is cylindrical-wave front as given in Figure 5.8. 

 

5.3 Conclusions 

 

The classical drag and point-blast-wave models were used to explain the plasma plume 

species propagation. The stopping distance, initial velocity, slowing coefficient and the 

shock condition were determined. The classical drag model fitted very well at later 

stages to all stages of the plume species data. The shock-wave model fitted very well at 

intermediate stages of the plume species. The ideal shock condition was determined at 

high oxygen gas pressure for plume species. These results were consistent with the 

ICCD plume images observation of the shock sharpening and shock wave at the ICCD 

images. 
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Chapter 6 

Optimizing the Synthesis of Vanadium-Oxygen Nano-structures by 

Plasma Plume Dynamics 
 

It is challenging to synthesize monoclinic vanadium dioxide (VO2) (M1) with well-

defined size and morphology because there are several stable vanadium oxide phases 

[6.1] and several nonhydrate polymorphs of VO2 [6.2]. Pulsed laser deposition (PLD) is 

an excellent tool for the deposition of vanadium oxide (VxOy) clusters in the nano-scale 

size range [6.3], but it is presently not selective in the phase that is generated in the final 

material. Here we overcome these limitations in PLD by making use of the plasma 

plume dynamics and plume species results obtained in Chapter 4 and 5, respectively. 

 

In this Chapter, we investigate the relationship between the plasma plume dynamics 

and deposited VxOy compound thin films using the same conditions of the oxygen 

pressure and fluencies used for the plasma plume study in Chapter 4 and Chapter 5. The 

target used was VO2. A Corning glass was used as a substrate. The substrate 

temperature was maintained at 600 oC and the target-substrate distance was fixed at 40 

mm. X-Ray Diffraction (XRD), Raman spectroscopy, Scanning Electron Microscopy 

(SEM) and Atomic Force Microscopy (AFM) were used to study the VxOy phase, 

structure, grain size and roughness measurement, respectively. UV-vis-NIR 

spectrophotometry and Four-point probe both coupled with heating/cooling stages 

were used to study the optical and electrical properties of VO2 thin films, respectively. 
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6.1 Experimental Set-up 

 

The experimental setup used to conduct the study of the plume expansion dynamics of 

the laser-ablated targets has already been described in previous chapters (Chapters 4 

and 5) and will be only briefly discussed here. VxOy thin films were subsequently 

deposited using the same plasma plume parameters, on heated Corning glass substrates 

(600 C), which were placed at a target-to-substrate distance of 40 mm for 10 minutes. 

VxOy thin films were deposited using the same oxygen pressures (0.01 – 0.2 mbar) and 

laser fluence used in Chapters 4. 

 

6.2 Results and Discussion 

A. Structural Properties 

 

XRD is a non-destructive technique for characterization of crystalline materials and it 

provides the information on the structure, phase and other structural parameters [6.4]. 

Whereas SEM is primarily used to study the surface, structure of bulk specimens [6.5], 

AFM provides very high resolution images of the sample with resolution on the orders 

of fractions of a nano-meter as well as to measure the roughness of the material [6.6]. 
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Figure 6.1: SEM micrographs of thin films prepared at various oxygen pressures for 

target-substrate distance of 40 mm. Scale for all the micrographs is 2 µm. 

 

Figure 6.2: AFM images of thin films prepared at various oxygen pressures for target-

substrate distance of 40 mm. 
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SEM micrographs, AFM images and XRD spectra of VxOy thin films prepared at various 

oxygen pressures for a target-substrate distance of 40 mm are shown in Figures 6.1, 6.2 

and 6.3, respectively. At high oxygen pressures (0.10 and 0.20 mbar), we observed the 

formation of nano-rods and a mixed structure of nano-particles and nano-plates (Figure 

6.1). More details of the nano-structures were observed in AFM images, as shown in 

Figure 6.2. Large nano-plates and grains were observed for the 0.10 mbar sample while 

nano-rods and particles were observed for the 0.20 mbar sample. The thin films are 

homogeneous (0.20 mbar) and rough (0.10 mbar) according to the AFM analysis with 

the root mean square roughness of 10.3 nm and 105 nm, respectively.  

 

Figure 6.3: XRD spectra of thin films prepared at various oxygen pressures for target-

substrate distance of 40 mm. 

 

The XRD spectra show that the thin films (0.10 and 0.20 mbar) comprise a mixture of 

VxOy phases, such as, highly-oriented orthorhombic pentoxide (V2O5) phase (space 
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group: PmmnE, JCPDS No. 001-0359), and minor phases of rhombohedral vanadium 

trioxide (V2O3) (space group: R-3c, JCPDS No. 001-1293) as shown in Figure 6.3. The 

presence of V2O5 and V2O3 phases is likely due to the influence of the plasma plume 

dynamics: at high oxygen pressure there is a high degree of interaction between the 

oxygen and plasma plume species resulting in the formation of a shocked layer, where 

highly reactive atomic oxygen is produced and oxygen enrichment in the synthesized 

films is expected.  

 

Amoruso et al. [6.7] observed similar finding while investigating the effect of ambient 

gas on the expansion dynamics of the plasma plume generated by XeF excimer laser 

ablation of a LaMnO3 target by using fast photography and optical emission 

spectroscopy. Their optical emission spectroscopy analysis shows that oxides are 

mainly formed during the interaction of the plume with the background gas. In 

particular, oxides are efficiently produced when a shock-wave like propagation stage is 

achieved. We observed a shift in the XRD peaks from 19o to 20o (identified as V2O5 

phase) for 0.10 mbar and 0.20 mbar, respectively as indicated in Figure 6.3. This could 

be due to the increase of oxygen pressure from 0.10 to 0.20 mbar. At low oxygen 

pressures (0.05 and 0.01 mbar), mixed nano-structures (nano-plates and nano-fibres) 

and smooth structures, respectively, are observed in Figure 6.1. AFM images indicate 

the structures in more details in Figure 6.2. Mostly smooth surface together with nano-

structures are observed for 0.01 mbar samples in Figure 6.1. Mostly nano-fibres and few 

nano-plates are observed for 0.05 mbar sample in Figure 6.1. The thin films are 

homogeneous according to the AFM images with the root mean square roughness of 

9.83 nm (0.05 mbar) and 10.7 nm (0.01 mbar), respectively. Here the XRD spectra 
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indicate the presence of mixed VxOy phases: highly oriented monoclinic rutile-type VO2 

(M1) phase (JCPDS No. 44-0252) and minor V2O3 phase (JCPDS No. 001-1293) and a 

broad peaks at around 20 to 30 which is introduced by the Corning glass substrate 

(Figure 6.3). These VxOy phases correspond well with the plasma plume study: as 

indicated that at low oxygen pressure there is insufficient oxygen-plasma interaction to 

produce oxygen-enriched films as shown in Figures 4.2 (a) and 4.2 (b).  

 

The formation process of the surface morphology of PLD VxOy as a function of the 

oxygen pressure and target-substrate distance can be described as follows: the 

mechanism of the formation of the VxOy surface morphology starts when the pulsed 

laser heats and vaporizes the target material [6.8, 6.9]. The collisions take place 

between the oxygen molecules and the ablated species depending on the amount of 

oxygen pressure in the chamber. This results in the condensation and formation of 

nano-particles in the gas phase [6.9]. These nano-particles migrate to the substrate 

surface, due to the ad-atom mobility with the energy supplied via substrate heating as 

given in Figure 6.2 (for 0.01 mbar and AFM image). At this oxygen pressure, there was 

not enough interaction between the ablated species and the oxygen molecules for the 

nano-particles to increase in dimension. Due to this, smooth surface morphology 

together with nano-particles was produced as shown in Figures 6.1 and 6.2 for 0.01 

mbar. As the oxygen pressure was increased the dimension of the nano-particles also 

increased, due to the fact that the interaction between the ablated species and oxygen 

molecules increases and the plasma plume becomes bigger. The plasma plume splitting 

and the formation of the shock layer at the edge of the plasma plume results in an 

increase in the number of nano-particles arriving at the substrate. Because there is 
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sufficient thermal energy via the substrate temperature (600 C), these nano-particles 

aggregate with each other to form nucleation centres. The aggregation becomes larger 

with more nano-particles on the surface and there is an increase of the nano-structure’s 

dimension. Due to these factors, nano-fibres, nano-plates and nano-rods surface 

morphology were produced as shown in Figure 6.1 (for 0.05, 0.1 and 0.2 mbar). 

 

Wang et al. [6.10] synthesized similar V2O5 nano-rods by heating in air at ~500 C a 

V2O3 thin film deposited on a silicon substrate. It was oxidized into V2O5 and started to 

transform into nano-rods. These results correspond very well with the V2O5 deposited 

in this study. Their V2O5 nano-rods could emit intense visible light, which is ascribed to 

formation of defects during the oxidation process. Zou et al. [6.11] grew β-V2O5 nano-

rods by heating in oxygen an amorphous V2O5 thin film deposited on glass substrate. 

They suggested that surface diffusion played an important role in the growth process of 

nano-rods. Since the post-annealing temperature is quite high, a high degree of surface 

mobility is expected for the annealing or synthesis process in oxygen gas, thus favouring 

the growth of nano-rods. In this study, V2O5 nano-rods were synthesized by PLD with 

the Corning glass substrate heated to 600 C. We believe the V2O5 nano-rods 

synthesized in this study follow the same growth mechanisms described by Zou et al. 

[6.11]. It is known that during the process of solid state growth for elongated nano-

materials, from initial nano-particles or powders surface diffusion phenomena are 

common [6.12]. These V2O5 nano-rods were deposited beyond the stopping distance of 

the plasma plume (see Figure 4.3 in Chapter 4) and we believe this may have played an 

important role on the nano-rods growth mechanisms. In comparison, thin films grown 
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at the plasma plume stopping distance possess stoichiometry close to the target 

material, in this case VO2 [6.13]. 

 

B. Optical Switching Properties 

 

After optimizing the oxygen pressure for the growth of monoclinic rutile-type VO2 (M1), 

determined to be 0.05 mbar, the effect of target-substrate distance d on the thin film 

phase and structure is investigated by increasing this distance to 50 mm. The deposition 

time was also increased to 15 minutes to increase the thin film thickness. A mixture of 

nano-structures (nano-fibre and nano-plates) for thin film deposited at d = 40 mm and 

nano-particles (nano-fibres and large grains) for d = 50 mm were found (Figure 6.4). 

The thin film deposited at d = 40 mm is homogeneous with the root mean square of 9.83 

nm while the thin film deposited at d = 50 mm is rough with root mean square of 18.7 

nm, according to the AFM images in Figure 6.5. XRD spectra indicate monoclinic rutile-

type VO2 (M1) phase and monoclinic VO2 (B) (Space group: C2/m, JCPDS No: 31-1438) 

as given in Figure 6.6. The SEM and XRD results indicate that it is possible to optimize 

phases by varying the target-substrate distance.  
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Figure 6.4: SEM micrographs of thin films prepared under 0.05 mbar oxygen pressure 

for target-substrate distance of 40 and 50 mm. Scale for all the micrographs is 2 µm. 

 

Figure 6.5: AFM images of thin films prepared under 0.05 mbar oxygen pressure for 

target-substrate distance of 40 and 50 mm. 
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Figure 6.6: XRD spectra of thin films prepared under 0.05 mbar oxygen pressure for 

target-substrate distance of 40 and 50 mm. 

 

UV-Vis-NIR spectrophotometer is useful in revealing the optical switching properties of 

VO2 (M1) from the room temperature monoclinic structure to a tetragonal rutile-type 

structure at above 68 C [6.14]. Wavelength dependent transmittance was measured in 

the range 300 – 2500 nm temperature cycling from 25 C to 100 C corresponding to 

semiconductor and metallic states of VO2 film. Transmittance as a function of a 

temperature measured at 2.5 µm, a wavelength at which most of the samples show the 

largest contrast in transmittance on switching. The MIT temperature was obtained in 

this study as the minimum of the derivative of the temperature dependence of 

transmittance [6.15].  
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Figure 6.7 and Figure 6.8 indicate change of the transmittance as a function of 

wavelength and temperature for thin films prepared at 0.05 mbar for target-substrate 

distances of 40 and 50 mm, respectively. The graphs show a 34% and 42% 

transmittance for thin film deposited at 0.05 mbar for 40 mm and 50 mm, respectively. 

The reason for the dissimilarity in the temperature-dependent transmittance of the two 

thin films is likely due to different composition of phases of the vanadium oxides 

previously identified by XRD. We observed poor phase transition in sample d = 40 mm, 

while we obtained a good phase transition for sample with d = 50 mm (Figures 6.7 and 

6.8, respectively). We successfully optimised the monoclinic rutile-type VO2 (M1) by 

varying the target-substrate distance as shown in Figure 6.8 and we reduced the phase 

transition temperature from 68 C to 60.9 C. It has been observed that the majority of 

reports on VO2 (M) nano-particles deposition using PLD could only be synthesized after 

post-annealing [6.16]. The first report of room-temperature growth of VO2 by PLD 

without post-annealing is by Maaza et al. [6.17] and the deposited films showed rather 

sharp phase transition at around 70 C, however, thus far it has not been reproduced by 

any other group yet. We have shown that a high quality monoclinic rutile-typed VO2 

(M1) can be deposited on the Corning glass at the substrate temperature of 600 C. Kim 

et al. [6.18] have also reported the deposition of high quality VO2 films on sapphire by 

PLD at high temperature without post-annealing. In this study, we have shown the link 

between the plasma plume expansion on the growth and phase of the VO2 nano-particle. 
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Figure 6.7: Change of transmittance at different wavelengths for 26.5 C and 70.3 C for 

a thin film prepared at 0.05 mbar for target-substrate distances of 40 and 50 mm. 
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Figure 6.8: Change of transmittance under temperatures at 2.5 µm for a thin film 

prepared at 0.05 mbar for target-substrate distances of 40 and 50 mm. 

 

The most important stage during the PLD process is the interaction between the plasma 

plume species and the background gas. Chaoui et al. [6.19] measured the oxygen 

incorporated in the thin films to be 54% and 46% of oxygen originates from the target 

and background gas, respectively. Roman et al. [6.120] established that the oxygen is 

only incorporated into the thin films during the growth step and measured that 45% of 

the oxygen originated from the background gas. They also showed that the main 

mechanism of oxygen incorporation corresponds to the dissociation of molecular 

oxygen absorbed at the surface, leading to the formation of very reactive atomic oxygen 
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which is further injected in the thin films. The dissociation of molecular oxygen take 

place during the plasma plume expansion when as shock layer is produced [6.21] or on 

the substrate surface as a result of the interaction with the high flux of species coming 

from the target. The molecular oxygen could be incorporated directly into growing thin 

film or first form oxides before being incorporated. In this study, the degree of 

interaction between the plasma plume species and oxygen molecules is lower at 40 mm 

and higher at 50 mm. This means more oxygen dissociation and incorporation occurred 

at d = 50 mm. And this also could be accentuated by a strong shock effect and a lower 

re-pulverization effect. The latter is more pronounced for the lighter element of atomic 

oxygen. The maximum of oxide molecules is produced at a distance where the plasma 

plume loses all its kinetic energy, the so-called plasma plume stopping distance where 

generally the thin films stoichiometry was closed to the target one [6.13]. These 

phenomena explain the formation of the sub-stoichiometric phases of VO2, V2O3 for 40 

mm and VO2 (M1), VO2 (B) for 50 mm, as well as all the sub-stoichiometric phases of 

VxOy in this work.  

 

6.3 Conclusions 
 

The expansion dynamics of a laser ablation plume produced during KrF excimer laser 

irradiation of a VO2 pellet in oxygen ambient has been investigated using a fast ICCD 

camera. The time evolution of the plume images has enabled observations of the plume 

propagation behaviour under different background gas pressure, from vacuum to few 

mbars. The experimental findings reveal several interesting features which are of 

general character and interest, with the temporal dynamics found to be dependent on 

the oxygen pressure. Thin films deposited with these plasma conditions revealed the 
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presence of VxOy nano-rods, nano-plates and nano-fibres. The V2O3 phase was produced 

at low oxygen pressure (0.01 mbar), while VO2 (M1) and VO2 (B) nano-rods phases 

were deposited at 0.05 mbar oxygen pressure. The plume expansion and the VxOy thin 

films analysis shows that oxides are mainly formed during the interaction of the plume 

with the background gas. In particular, high oxides thin films are efficiently produced 

when a shock-wave like propagation stage is achieved. A transition temperature of 

around 61 C has been measured for a sample deposited at an oxygen pressure of 0.05 

mbar oxygen pressure. We showed a proof of concept, that VO2 (M1) film growth is 

possible only under particular conditions and we are able to precisely control them as 

revealed by comprehensive structural and optical characterisation of the film grown, 

and through study of plume dynamics which behaves similar to other studies for other 

types of materials. This improved knowledge of the plume characteristics provided by 

this study may open up the route to search for the more suitable experimental 

conditions for the growth of any complex oxide material, depending on its specific 

criticalities. 
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Chapter 7 

Phase-Selective Vanadium Dioxide (VO2) Nano-structured Thin Films 

by Pulsed Laser Deposition 
 

While several synthesis methods [7.1, 7.2, 7.3] have been used to produced vanadium 

dioxide (VO2), pulsed laser deposition (PLD) [7.4, 7.5, 7.6, 7.7] is known for its rational 

fabrication of smart and functionally high quality metal oxide particulate thin films and 

coatings. Several deposition parameters need to be optimized in order to deposit 

monoclinic rutile-type (VO2) (M1) including gas pressure [7.8], nature of substrate 

[7.9], substrate temperature [7.10] and nature of target [7.11]. Several target materials 

and substrates have been use to deposit VO2 (M1), however literature indicates that 

more often than not, as-deposited VxOy films were subsequently annealed in various 

atmospheres in order to improve the VO2 stoichiometry [7.12, 7.13, 7.14] and non-glass 

substrates have been employed [7.15]. In contrast, VO2 thin films grown on the glass 

substrates have not been extensively studied with only a few reports over decades 

[7.15, 7.16, 7.17]. 

 

The plasma plume expansion (in Chapters 4 and 5) and the VxOy thin films (in Chapter 

6)’ analysis shows that oxides are mainly formed during the interaction of the plume 

with the background gas. In this chapter, then we show that it is possible to improve 

the VO2 composition by investigating the link between the V-O plume and the VO2 

stoichiometry in a PLD process without the need of post-deposition annealing. The 

plasma plume expansion dynamics of an ablated VO2 target was investigated using fast-

imaging technique under a range of oxygen partial pressures and under vacuum, and 

correlated to two well-known plasma propagation models as discussed in Chapters 4 
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and 5. By optimization of the parameters we report high quality VO2 (M1) nano-

particles on a glass substrate, without post-deposition annealing. Samples demonstrate 

a reversible MIT at ~43 C, without any doping, paving the way to switchable 

transparency in optical materials at room temperature.  

 

7.1 Experimental Set-up 
 

The schematic diagram of the experimental setup used to synthesize VxOy thin films in 

this chapter is already discussed in Chapter 4 and is shown in Figure 4.1. VxOy thin films 

were deposited on Corning glass substrate under the same conditions/parameters of 

the oxygen pressure (0.01 and 0.05 mbar) and laser parameters (laser fluences = 2 Jcm-

2, pulse repetition rate = 5 Hz) used for the plasma and plasma plume species studies 

(Chapter 4 and 5). The substrate temperature was set to be 500 C and the deposition 

time was 10 minutes. The target to substrate distance was determined using the plasma 

plume propagation graph (Chapter 4). 

 

7.2 Results and Discussion 

A. Plume Dynamics Results 

 

It is well known that the plasma dynamics plays an important role in growing high-

quality complex oxide thin films when target-substrate distance (d) is optimised with 

respect to the oxygen pressure (P) in PLD [7.18]. Beyond a certain target-substrate 

distance (d), the plasma flux loses its unidirectional velocity, scatters and thermalizes 

and this distance provides the optimum conditions for film growth [7.19, 7.20]. As 

discussed in Chapter 4, the plasma plume in this study was correlated using two well-

known plasma plume models. Here in this chapter only the point-blast-wave model 
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fitted in the plasma plume propagation graph was used to determine the deposition 

parameter (Figure 7.1). In this study, we showed that at optimum conditions for VO2 

(M1) thin film growth is below certain oxygen level and when the plume starts slowing 

down (slow shock) as indicated in Figure 7.1. Point A and B in Figure 7.1 satisfy this 

condition.  

 

Figure 7.1: Propagation of plasma plume front position for different oxygen gas 

pressure fitted with the point-blast-wave which is indicating a free-expansion (black), 

plane-wave front (magenta), cylindrical-wave front (red) and spherical-wave front 

(blue) propagation. 

 

B. Structural Analysis 

 

Atomic Force Microscopy (AFM), Scanning Electron Microscopy (SEM) and X-Ray 

Diffraction (XRD) were used to characterize the surface microstructures and to identify 

the vanadium oxide phases of the thin films. Figure 7.2 indicates a XRD pattern of single 

crystalline structure of the monoclinic (M1) phase VO2 deposited on a Corning glass. 
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The prominent XRD peak is occurring around 2θ = 27.81, corresponding to (011) 

diffraction plane, along with other three weak diffraction peaks: (001) [7.21] (JCPDS 

No. 72-1278), (211), (022) which confirms the monoclinic VO2 film (space group: P21/c. 

JCPDS No. 44-0252).  

 

 
Figure 7.2: XRD spectra of VO2 (M1) thin films deposited under low oxygen gas 

pressure (0.05 and 0.01 mbar) and target-substrate distance for 30 and 36 mm and 

substrate temperature of 500 C. 

 

We deposited a pure monoclinic rutile-type VO2 (M1) more single crystalline nature of 

the film for target-substrate distance of a 30 mm for 0.05 mbar oxygen pressure as 

indicated by XRD patterns in Figure 7.2. However mixed phases were deposited for 

sample prepared at 0.01 mbar oxygen pressure for target-substrate of 36 mm, a 

monoclinic rutile-type VO2 (M1) phase around 2θ = 27.81 (011) and 2θ = 7.8 which 

has identified as V6O13 (001) [7.21] (JCPDS No. 72-1278) as indicated by XRD patterns 

in Figure 7.2. The XRD patterns in Figure 7.2 indicated that the VO2 (011) peak emerges 
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from a broad peak. This broad peak is attributed to the glass substrate. The XRD results 

indicate that the more single crystalline VO2 film formed on the amorphous substrate 

(thus glass) surface and showed a preferential orientation along the (011) plane 

located at 27.81 on the XRD patterns.  

 

Chin et al. [7.22] made similar findings when they were attempting to control the 

crystallographic orientation of VO2 on glass. Lafane et al. [7.23] also made similar 

findings when they obtained a highly (011) oriented VO2 on Corning glass at low 

pressures in the range of 0.004 – 0.02 mbar by PLD. These results are in good 

agreement with the plasma propagation graph in Figure 7.1 (more information in 

Chapter 4). This is due to the fact that these oxygen pressures are close to vacuum 

where the plasma plume propagates relatively free and there is not enough interaction 

in these pressure-distance couples to develop the shocked layer. The deposition target-

substrate distance used in this study for both oxygen pressures correspond to the 

planar expansion regime of the plasma plume to be more determinant to qualify the 

slow shock as shown in Figure 7.1 (more information in Chapter 4). Highly reactive 

atomic oxygen is produced in the shock layer and oxygen enrichment in the deposited 

films is expected. Generally according to plasma dynamics principle, the target 

stoichiometry is reproduced close to the plume stopping distance [7.24]. However the 

deposition target-substrate distances used in this study, are expected to yield small 

vanadium valence, but the target stoichiometry was produced at the target-substrate 

distance less than the stopping distance. It can be speculated that the substrate 

temperature enhances the surface mobility of the adatoms and thereby the surface 

reactivity. Furthermore, the target-substrate distance is short, where one can expect a 

high instantaneous deposition rate that fixes oxygen atoms before they can desorb. The 
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high quality of the VO2 thin film prepared at 0.05 mbar (30 mm) is evident from the 

relatively small full width half-maximum (FWHM) of ~0.22 of this diffraction peak 

(011) as shown in Figure 7.2.  

 

 

Figure 7.3: SEM micrographs of VO2 (M1) thin films deposited under low oxygen gas 

pressure (0.05 and 0.01 mbar) and target-substrate distance for 30 and 36 mm and 

substrate temperature of 500 C. 

 

 
Figure 7.4:  AFM images of VO2 (M1) thin films deposited under low oxygen gas 

pressure (0.05 and 0.01 mbar) and target-substrate distance for 30 mm and 36 mm and 

substrate temperature of 500 C. 
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The corresponding SEM micrographs and 3 x 3 µm AFM images for both thin films (0.05 

and 0.01 mbar) reveal nano-particles and smooth surfaces as given in Figures 7.3 and 

7.4, respectively. The AFM images show that the thin films are homogeneous and 

particulate with high surface coverage with root mean square (rms-) roughness of ~8.5 

nm for 0.01 mbar (36 mm) and ~2.7 nm for 0.05 mbar (30 mm). The particle sizes are 

~0.06 µm for 0.01 mbar (36 mm) and ~0.1 µm for 0.05 mbar (30 mm), according to the 

AFM images. 

 

 

Figure 7.5: XRD spectra of VxOy thin films deposited under low oxygen gas pressure 

(0.05 and 0.01 mbar) and target-substrate distance for 35 mm and 38 mm and substrate 

temperature of 500 C. 

 

We successfully optimized the VO2 (M1) thin film prepared at 0.01 mbar oxygen 

pressure by increasing the target-substrate distance from 36 mm to 38 mm as indicated 

by XRD pattern in Figures 7.2 and 7.5, respectively. Figure 7.5 indicates pure monoclinic 

rutile-type VO2 (M1) phase for target-substrate distance for 38 mm prepared at 0.01 
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mbar oxygen pressure. Even though the oxygen partial pressure was controlled within 

the range in which the pure VO2 phase could be formed on the glass substrate, the 

crystalline orientation of vanadium oxide (VxOy) thin films was drastically changed for 

thin film prepared under 0.05 mbar oxygen pressure at 35 mm target-substrate 

distance as XRD pattern revealing 2θ = 43.48 peak angle as V4O7 (1-33) (JCPDS No. 72-

1718) as given in Figure 7.5. The high quality of the VO2 thin film prepared at 0.01 mbar 

(38 mm) is evident from the FWHM of ~0.22 of this diffraction peak (011) as given in 

Figure 7.5.  

 

Figure 7.6: SEM micrographs of VxOy thin films deposited under low oxygen gas 

pressure (0.05 and 0.01 mbar) and target-substrate distance for 35 mm and 38 mm and 

substrate temperature of 500 C. 
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Figure 7.7: AFM images of VxOy thin films deposited under low oxygen gas pressure 

(0.05 and 0.01 mbar) and target-substrate distance for 35 mm and 38 mm and substrate 

temperature of 500 C. 

 

The corresponding SEM micrographs and AFM images indicate nano-particles as given 

in Figures 7.6 and 7.7 for both thin films, respectively. The AFM images show that the 

thin films are homogeneous with root mean square roughness of ~9.9 nm for 0.05 mbar 

and ~21.2 nm for 0.01 mbar, respectively. As the target-substrate distance increases, an 

increase in the grain size of the nano-particles was observed as indicated in Figures 7.4 

and 7.7. The grain sizes according to the AFM analysis is in the same order of ~0.3 µm 

for both thin films. The well-known Debye’s formula [7.25] was used to estimate the 

grain sizes of the three VO2 thin films using the XRD peak of 27.81 (011), giving 27 nm 

(0.01 mbar – 36 mm), 41 nm (0.01 mbar – 38 mm) and 39 nm (0.05 mbar – 30 mm). The 

grain sizes for samples prepared on 0.01 mbar oxygen pressures indicates that as 

target-substrate increases the grain size increases as well. Whereas samples prepared 

on 0.01 mbar (38 mm) and 0.05 mbar (30 mm) have the same grain size. Both these 

were observed in AFM images as well (Figures 7.4 and 7.7). 
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C. Electrical and Optical Properties 

 

UV-Vis-NIR transmittance spectrophotometer and four-point probe are useful in 

measuring the switching properties of VO2 from the room temperature monoclinic 

structure to a tetragonal rutile-type structure at above 68 C [7.26]. Wavelength 

dependent transmittance was measured in the range 300 – 2500 nm at temperature 

cycling from 30 C – 100 C corresponding to semiconductor and metallic states of VO2 

film. Transmittance as a function of a temperature measured at 2500 nm, a wavelength 

at which most of the samples show the largest contrast in transmittance on switching. 

Sheet resistance of the films as a function of temperature was measured by four point-

probe method in the temperature cycling from 25 – 100C corresponding to 

semiconductor and metallic phases of the films. 

 

There are several methods used in the literature to determine the MIT temperature 

such as midpoint hysteresis loop [7.27], derivative of the heating and cooling profiles of 

the resistance/transmittance allows the estimation of average value of the MIT 

temperature [7.6, 7.7] and the minimum of the derivative of the temperature 

dependence of transmittance/resistance [7.28] among others. The MIT temperature 

was obtained in this study as the minimum of the derivative of the temperature 

dependence of transmittance/resistance.  
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Figure 7.8: Change of the resistance and transmittance of a thin film under temperature 

cycling prepared at 0.01 mbar oxygen pressure for target-substrate distance of 36 mm. 

 

Figure 7.9: Change of the resistance and transmittance of a thin film under temperature 

cycling prepared at 0.01 mbar oxygen pressure for target-substrate distance of 38 mm. 

 
Figure 7.10: Change of the resistance and transmittance of a thin film under 

temperature cycling prepared at 0.05 mbar oxygen pressure for target-substrate 

distance of 30 mm. 
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Table 7.1: Electrical and optical switching properties parameter. 

Samples Grain size (nm) MIT temperature 

(C) 

Hysteresis width 

(C) 

0.01 mbar – 36 mmm 

0.01 mbar – 38 mm 

0.05 mbar – 30 mm 

27 

41 

39 

43 

57.3 

52 – Optical 

63 – Electrical 

12 

24 

17 

11.2 

    

 

The change of the resistance and transmittance of a thin film under temperature cycling 

prepared at 0.01 mbar (36 and 38 mm) and 0.05 mbar for 30 mm are shown in Figures 

7.8 to 7.10, respectively. From electrical and optical properties point of view, both the 

VO2 (M1) thin films prepared at 0.01 mbar oxygen pressure but at varying substrate-to-

target distances of 36 and 38 mm exhibit, within the error bar similar hysteresis loops 

in electrical resistance and optical transmittance transitions located ~43 C and ~57.3 

C as shown in Figures 7.8 and 7.9, respectively. These transition temperatures are 

implying a decrease in the transition temperature of about ~25 C and 10.7 C, 

respectively. Maaza et al. [7.29] found similar finding when comparing the hysteresis 

loops in electrical resistance and optical transmittance transitions. However, the VO2 

(M1) thin film prepared at 0.05 mbar oxygen pressure (30 mm) exhibit, non-similar 

hysteresis loops in electrical resistance and optical transmittance transitions located 

~63 C and ~52 C, respectively,  which a decrease in the transition temperature of 

about ~5 C and ~16 C (Figure 7.10). The big difference between the electrical and 

optical transmittance transitions for this sample (0.05 mbar) is still to be investigated. 
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The VO2 (M1) films prepared at 0.01 mbar for 36 mm, 38 mm acquired narrower and 

wider hysteresis loops with width of ~12 C, ~24 C and obtained lower phase 

transition temperature of ~43 C and ~57.3 C, respectively as indicated in Figures 7.8 

and 7.9. Whereas the thin film prepared at 0.05 mbar for 30 mm obtained higher shaper 

phase transition in the electrical resistance hysteresis, ~63 C with a wider hysteresis 

loop of ~11.2 C as shown in Figure 7.10. In case of the optical transmittance, we 

obtained low phase transition, ~52 C with a wider hysteresis loop of ~17 C as shown 

in Figure 7.10 and Table 7.1.  

 

It is known that the sharpness, shape, width, position and switching ratio of the thermal 

hysteresis loops of VO2 films is determined by several factors, such as crystallinity, 

stoichiometry, impurities, grain size, distribution and orientation as well as interface 

energy [7.30 - 7.33]. The results of this study suggest that the variance of widths of 

thermal hysteresis loop of the VO2 (M1) film is inferred to originate from the 

grain/crystallite size variation. The bigger grains result wider hysteresis and smaller 

grains are leading to narrower hysteresis as given in Figures 7.8 to 7.10. According to 

Lopez et al. [7.34] the smaller the grain sizes, more grain boundaries exist, which will 

accelerate the completion of the reversible phase transition near transition 

temperature, such as the thin film prepared at 0.01 mbar (36 mm) perform narrower 

hysteresis with a width of ~12 C compared to a wider hysteresis of samples prepared 

at 0.01 mbar (38 mm) in Figures 7.8 to 7.9.  
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The transition temperature of all the samples in this study are lower than to that of the 

bulk single-crystal VO2 which is 68 C [7.26]. The phenomenon of the transition 

temperature increasing with the increase in grain size was observed in this study in all 

the VO2 thin films grown at both oxygen pressures (36 mm – 0.01 mbar (grain size = 27 

nm); 30 mm – 0.05 mbar (grain size – 39 nm) and 38 mm – 0.01 mbar (grain size = 41 

nm)). Furthermore, the increase of the hysteresis width in these VO2 thin films as a 

function of the grains sizes was also observed as shown in Table 7.1. These are in 

agreement with the several studies [7.35-7.36]. Figure 7.2 indicates possible impurities 

in VO2 thin film prepared at 36 mm target-substrate distance for 0.01 mbar oxygen 

pressure from the peak angle of about 7.8 identified as V6O13 and this would explain 

why we have observed low transmittance intensity.  

 

Kang et al. [7.27] prepared a high quality VO2 (M1) using a polymer-assisted deposition 

technique. They made used of a cheap inorganic vanadium (IV) precursors, polymer and 

tungsten ion as a doping agents. Then the spun the precursor solutions and 

subsequently annealing the gel films at temperature range of 300-600C in N2. Their 

samples showed excellent optical properties compared to those prepared by this study, 

with an integral visible transmittance of 54.5% and IR reduction of 41.5% at 2000 nm. 

In this study, we obtained ~22% at 2500 nm IR transmittance and ~27% at visible 

transmittance for sample prepared at 0.05 mbar oxygen pressure for target-substrate 

distance of 30 mm as given in Figure 6.10. The VO2 film prepared by this technique 

doped by 1% tungsten ion exhibits a hysteresis loop centered at 54 C with width of 16 

C, whereas in this study, we achieved MIT temperatures ~43 C, 52 C and 57 C 

without doping and without annealing. A comparative study of the energy-saving effect 
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of VO2-coated float glass and non-coated glass was conducted by Gao et al. [7.37] The 

VO2 film was prepared by casting VO2 and Sb: SnO2 (ATO) nano-particles. This film 

indicated a phase transition temperature of ~30 C. Their model house results show 

that under similar infrared irradiation the temperature difference between the two 

inner-rooms was significant (~9 C), suggesting that a significant amount of irradiation 

was blocked. Additionally, their results show that VO2 smart windows have a good 

energy-saving effect, which can be further improved by depositing a high quality VO2 

nano-particles thin film. However in this study, we offer an approach to follow for the 

creation of VO2 by judicious choice of laser and plasma conditions using PLD without 

doping. 

 

This study successfully synthesized and optimized a high quality VO2 (M1) on Corning 

glass using PLD without further annealing. The results indicate a certain pattern to 

follow when one needs to deposit the VO2 (M1) using PLD. This certain pattern points to 

distance-pressure scaling law [7.20]. We find that VO2 will normally be deposited when 

a substrate is far away from the target (typically 30 mm to 40 mm) and when the 

corresponding oxygen partial pressure are low or close to vacuum as shown in Figures 

7.2 and 7.5.  Futhermore, in term of plasma dynamics, VO2 will normally be deposited 

when the plume start slowing down (typical slow shock) and below certain oxygen 

partial pressure (typical close to vacuum) as shown in Figure 7.1. As mentioned earlier, 

the two optimized VO2 samples were deposited at distances of planar expansion. 
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7.3 Conclusions 
 

A pure monoclinic rutile-type VO2 (M1) phase was successfully deposited at 0.05 mbar 

of 30 mm and 0.01 mbar of 38 mm without post-annealing on Corning glass. These VO2 

(M1) films demonstrate a reversible MIT at ~52 C and ~57.3 C, without any doping 

respectively. Whereas the VO2 (M1) deposited at 0.01 mbar of 36 mm demonstrates a 

reversible MIT at ~43 C without any doping. Our results indicate that the VO2 will 

normally be deposited when the plume start slowing down (slow shock) and at below 

certain oxygen partial pressures. We found that by increasing the target-substrate 

distance, the grain size of the VO2 (M1) nano-particles can be increased. Furthermore, 

the increases of the hysteresis width and transition temperature as function of the 

grain size were also observed. This is in agreement with several results reported in the 

literature. We have shown that by understanding the plasma plume propagation of the 

various species presents good control of the stoichiometry and grain size of the 

deposited nano-particle thin films is possible. There is a good agreement between the 

deposited vanadium oxide phases and structure with the plasma plume propagation. 
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Chapter 8 

Pulsed Laser Deposition of β-V2O5 nano-rods thin films 
 

Vanadium pentoxide (V2O5) material has attracted much interest and extensively 

studied because of its excellent properties and applications in a wide range of fields 

[8.1-8.2]. V2O5 is a promising material for microelectronic, electrochemical, gas sensing 

and optoelectronic devices due to its excellent properties such as multiple valency, wide 

optical band gap, good chemical and thermal stability, excellent thermoelectric property 

[8.2-8.6]. Generally, V2O5 is a non-stoichiometric material, which is known for its 

catalytic properties in oxidation reactions [8.7], owing to its rich and diverse chemistry 

that is based on two factors; namely the variety of vanadium oxidation states, ranging 

from 2+ to 5+, and the variability of oxygen coordination geometries. V2O5 is the most 

saturated (highest oxidation state) and therefore the most stable one in the V-O system. 

Moreover V2O5 has several polymorphs, including -V2O5 (orthorhombic) phase which 

is the most stable and common phase [8.8-8.9], -V2O5 (monoclinic or tetragonal) 

metastable phase and -V2O5 (orthorhombic) [8.10-8.11].  

 

Several deposition techniques have been already used to prepared V2O5 thin films on 

different substrates including sol-gel technique [8.12], magnetron sputtering [8.13], 

pulsed laser deposition (PLD) [8.14]. However, literature indicates that more often than 

not, as-deposited VxOy films were subsequently annealed in various atmospheres in 

order to improve the V2O5 stoichiometry and nano-structures. Fang et al. [8.15] have 

prepared -V2O5 thin films with a V2O5 target by PLD and followed by post-deposition 

annealing on the ITO glass substrate. The -V2O5 thin films have been sufficiently 
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investigated [8.16-8.19] whereas there has been little experimental investigation of the 

-V2O5 and -V2O5 phases due to the demanding preparation conditions [8.20].  Few 

reports indicate that the metastable phase of -V2O5 thin films can be deposited by 

using magnetron sputtering and the temperature of substrates plays an important role 

during the deposition process and followed by post-annealing [8.10, 8.21]. Zou et al. 

[8.22-8.23] deposited nano-rods -V2O5 by post-annealing amorphous -V2O5 thin film 

under oxygen atmosphere from 400 – 550 C for 1 hour. 

 

The plasma plume expansion (in Chapters 4 and 5) and the VxOy thin films (in Chapter 

6)’ analysis shows that high oxides thin films are efficiently produced when a shock-

wave-like propagation stage is achieved. In this chapter, then we show that it is possible 

to synthesize and improve the β-V2O5 composition by investigating the link between the 

V-O plume and the V2O5 stoichiometry in PLD without the need of post-deposition 

annealing. The plasma plume expansion dynamics of an ablated VO2 target was 

investigated using fast-imaging technique under a range of oxygen partial pressures and 

under vacuum, and correlated to two well-known plasma propagation models as 

discussed in Chapter 4. By optimization of the parameters we report high quality β-V2O5 

nano-rods, without post-deposition annealing, and on a glass substrate. 

 

8.1 Experimental Set-up 

 

The schematic diagram of the experiment setup used to synthesized VxOy thin films in 

this chapter is already discussed in Chapter 4 and is given in Figure 4.1. VxOy thin films 
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were deposited on 500 C Corning glass at a pulse repetition rate of 5 Hz for 10 minutes 

under the same pressures (0.1 and 0.2 mbar) and pulse energy conditions as that used 

for the plasma plume study. The target to substrate distance was determined using the 

plasma plume propagation graph as discussed in Chapter 4. The plasma plume 

experiment details have been discussed in Chapters 4 and 5.  

 

8.2 Results and Discussion 

A. Plume Dynamics Results 

 

It has been shown that the plasma dynamics plays an important role in growing high-

quality complex oxide thin films when target-substrate distance is optimised with 

respect to the oxygen pressure (P) in PLD [8.24]. Beyond a certain target-substrate 

distance, the plasma flux loses its unidirectional velocity, scatters and thermalizes and 

this distance provides the optimum condition for film growth [8.25-8.26]. In this study, 

we showed that an optimum conditions for β-V2O5 thin film growth is below certain 

oxygen level and when the plume start slowing down (slow shock) as shown in Figure 

8.1. Points A, B, C and D in Figure 8.1 satisfy this condition.  



139 
 

 

Figure 8.1: Propagation of plasma plume front position for different oxygen gas 

pressure fitted with the point-blast-wave which is indicating a free-expansion (black), 

plane-wave front (magenta) and spherical-wave front (blue) propagation. 

 

B. Structural Analysis 

 

We deposited polymorphs of V2O5 thus are -V2O5 (space group: PmmnE, JCPDS No. 

001-0359) and -V2O5 [8.22-8.23] for target-substrate distance of 23 and 27 mm as 

shown in Figure 8.2. This was confirmed by Raman analysis as given in Figure 8.3. The 

Raman spectra indicates V2O5 phase for both samples [8.4]. A trace amount of VO2 (M1) 

β-phase (space group: PmmnE, JCPDS No. 44-1438) was observed for 0.1 mbar (27 

mm) thin film as shown in Figure 8.2. A trace amount of -V2O5 was observed for 0.2 

mbar (23 mm) thin film as shown in Figure 8.2. SEM micrographs indicate nano-rods 

for 0.2 mbar (23 mm) thin film and nano-particles for 0.1 mbar (27 mm) as shown in 

Figure 8.4. However the corresponding 3 x 3 µm AFM indicates nano-rods for both thin 
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films as shown in Figure 8.5. The thin films are homogeneous with the root mean 

square roughness of ~18.8 nm for 0.1 mbar (27 mm) and ~27.2 nm for 0.2 mbar (23 

mm). The diameters of the nano-rods are ~100 nm for 0.1 mbar (27 mm) and 500 nm 

for 0.2 mbar (23 mm) according to AFM analysis. For these oxygen pressures (0.1 and 

0.2 mbar), we obtain high oxidation phases of vanadium. This is understandable since 

at these oxygen pressures we observed the plume splitting and plume sharpening due 

to the interaction between the plume species and the background gas. This corresponds 

very well with the point-blast-wave model as the model indicated that at these oxygen 

pressures an ideal shock condition was achieved as shown in Figure 8.1. Therefore 

highly reactive atomic oxygen is produced in the shocked layer and oxygen enrichment 

in the deposited film is expected [8.27], as shown in Figure 8.2.  

 

Figure 8.2: XRD spectra of VxOy thin films deposited under high oxygen gas pressure 

(0.2 and 0.1 mbar) and target-substrate distance for 23 and 27 mm. These parameters 

were determined from points A and B in the plasma propagation graph as given in 

Figure 8.1. 
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Figure 8.3: Raman spectra of V2O5 thin films deposited under 0.2 and 0.1 mbar oxygen 

pressure and target-substrate distance for 23 and 37 mm. These parameters were 

determined from points A and B in the plasma propagation graph as given in Figure 8.1. 

 

 

Figure 8.4: SEM micrographs of VxOy thin films deposited under high oxygen gas 

pressure (0.2 and 0.1 mbar) and target-substrate distance for 23 and 27 mm. These 

parameters were determined from points A and B in the plasma propagation graph as 

shown in Figure 8.1. 



142 
 

 

Figure 8.5: AFM images of VxOy thin films deposited under high oxygen gas pressure 

(0.2 and 0.1 mbar) and target-substrate distance for 23 and 27 mm. These parameters 

were determined from points A and B in the plasma propagation graph as given in 

Figure 8.1. 

 

We optimized the VxOy thin films by increasing the target–substrate distances per 

oxygen pressures. The target-substrate distance per oxygen pressures at the 5.6 µs 

time-delay in the plasma plume propagation graph are 34 mm for 0.1 mbar and 29 mm 

for 0.2 mbar, as shown in Figure 8.1. These parameters are indicated as point C and D in 

the plasma plume propagation graph as shown in Figure 8.1. As the target-substrate 

distance increases, the -V2O5 diffraction peak increases for thin films prepared at 0.2 

mbar oxygen pressure at 29 mm target-substrate distance as shown in Figure 8.6. 

However for thin film prepared at 0.1 mbar oxygen pressure at 34 mm, all the 

diffraction peaks decreases and/or disappear as shown in Figure 8.6. These were 

observed in the Raman spectra as well and are given in Figure 8.7. SEM micrographs 

and AFM (3 µm x 3 µm) images indicates nano-rods for both thin films as shown in 
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Figures 8.8 and 8.9, respectively. The grain width size of the nano-rods reduced as the 

target-substrate distance increases for both thin films prepared at 0.2 and 0.1 mbar 

oxygen pressures as shown in Figures 8.5 and 8.9. -V2O5 phase was successfully 

obtained at 0.2 mbar oxygen pressure as the target-substrate increased.  

 

Figure 8.6: XRD spectra of V2O5 thin films deposited under 0.2 and 0.1 mbar oxygen 

pressure and target-substrate distance for 29 and 34 mm. These parameters were 

determined from points C and D in the plasma propagation graph as given in Figure 8.1. 
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Figure 8.7: Raman spectra of V2O5 thin films deposited under 0.2 and 0.1 mbar oxygen 

pressure and target-substrate distance for 29 and 34 mm. These parameters were 

determined from points C and D in the plasma propagation graph as given in Figure 8.1. 

 

 
Figure 8.8: SEM micrographs of V2O5 thin films deposited under 0.2 and 0.1 mbar 

oxygen pressure and target-substrate distance for 29 and 34 mm. These parameters 

were determined from points C and D in the plasma propagation graph as given in 

Figure 8.1. 
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Figure 8.9: AFM images of V2O5 thin films deposited under 0.2 and 0.1 mbar oxygen 

pressure and target-substrate distance for 29 and 34 mm. These parameters were 

determined from points C and D in the plasma propagation graph as given in Figure 8.1. 

 

We further optimized this -V2O5 phase obtained at 0.2 mbar oxygen pressure by 

increasing the target-substrate distance to 37 mm as shown in Figure 8.10. By 

comparison, the XRD graph in Figure 8.10 indicates the increase of the -V2O5 

diffraction peak as the target-substrate distance increases. The XRD spectra indicate 

that the polycrystalline V2O5 thin film formed on the amorphous Corning glass 

substrate surface and showed a preferential orientation along the -V2O5 (200) plane as 

shown in Figure 8.10. This is to compared to of the AFM morphology in Figure 8.11 

which indicates that the nano-rods width decreases as the target-substrate distance 

increases. From these AFM results, we can see that the initially obtained V2O5 thin film 

transformed to β-V2O5 nano-rods after the increase of the target-to-substrate distance. 

It is clear that the initially obtained nano-rods are quite large in dimensions as shown 
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in Figure 8.11. This is understandable as the plasma plume propagation results which 

indicate that these target-substrate distances (0.2 mbar (23 mm) and 0.1 mbar (27 

mm)) were close to the target surface and at these positions are the ones where the 

plume starts decaying, as shown in Figure 8.1. Furthermore, where plume kinetic 

energy was at highest peak, the plume split in two, resulted in the formation of the 

shock layer at the edge of the plume. These lead to an increase in the number of nano-

particles arriving at the substrate surface. The high temperature of the substrate (500 

C) provides thermal energy for the ad-atom mobility process. These nano-particles 

aggregate with each other to form nucleation centers, because there is a sufficient 

thermal energy due to the substrate temperature. The aggregation becomes larger and 

larger because of the several nanoparticles collected on the substrate surface and this 

result in an increase of the nano-structure’s dimension. These result in large nano-rods 

dimension depending on the oxygen pressure as shown in Figures 8.5 and 8.11. As for 

slim nano-rods as the target-substrate distance varied, this means that in term of the 

plasma plume propagation, the plume kinetic energy is decreasing and is no longer at  

highest peak and, at the same time, the substrate is bit far from target surface. This 

results in the decrease in the number of nano-particles arriving at the substrate surface 

and decrease of the nano-structure’s dimension as shown in Figures 8.9 and 8.11. The 

obtained nano-rods formation can be interpreted as a surface energy driven process as 

Zou et al. [8.22] described in their obtained β-V2O5 nano-rods  after post-deposition 

annealing it at 500 ºC in oxygen atmosphere. The β-V2O5 phase (200) is the highest 

energy low-index plane according to Sayle et al. [8.28] and then this direction should 

have the fastest growth rate [8.22] as we observed the fastest growth of the β-V2O5 

phase as the target-substrate distance increases at 0.2 mbar oxygen pressure as shown 

in Figure 8.10. 
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Figure 8.10: XRD spectra of V2O5 thin films deposited under 0.2 mbar oxygen pressure 

and target-substrate distance for 23, 29 and 37 mm. 

 

 
Figure 8.11: AFM images of V2O5 thin films deposited under 0.2 mbar oxygen pressure 

and target-substrate distance for 23, 29 and 37 mm. 
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8.3 Conclusions 
 

A β-V2O5 phase was successfully deposited at 0.2 mbar oxygen pressure without post-

annealing on Corning glass. These results indicate that the β-V2O5 will normally be 

deposited when the plume start slowing down and at below certain oxygen partial 

pressures. We found that by increasing the target-substrate distance, the nano-rods 

dimension can be reduced. Furthermore, the increase of the target-substrate distance 

optimized the β-V2O5 phase. 
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Chapter 9 

Effect of Laser Wavelengths in PLD Technique on the Structural, 

Optical Properties of the VO2 Thin Films 
 

A single crystal VO2 (M1) exhibits a change in electrical resistivity in the order of 105 

over a temperature change of 0.1 C at 68 C [9.1, 9.2, 9.3]. This material is useful for 

potential applications as switching device [9.4], thermal sensing [9.5], because of its 

dramatic changes in electrical resistivity and infrared transmission which occur across 

the phase transition. The properties of VO2 thin films comparing with the single 

crystalline VO2 can be largely affected by several factors such as strain [9.6], defects 

density [9.7], and the existence of the multivalent vanadium ions (V2+, V3+, V4+, V5+) 

[9.8]. These discrepancies make it difficult to deposit high quality VO2 thin films with 

sharp transition width, narrow thermal hysteresis, large electrical and optical property 

change. Additionally the magnitude of resistivity change and the size of the hysteresis 

width are very sensitive to the stoichiometry and the crystalline structure of the VO2 

thin film. There have been several research works performed in an attempt to reduce 

the transition temperature by using dopants [9.9], deposition by ion-assisted reactive 

evaporation followed by thermal annealing [9.10], and relaxing tensile stress by ion 

bombardment [9.11]. While these techniques successfully reduced the transition 

temperature, the desired electrical and optical properties are somewhat degraded as 

well to the contrary [9.12].  

 

It has been shown that single crystals substrate is effective to obtain VO2 thin films with 

a large electrical change during phase transition and a narrow hysteresis width because 

MIT domain wall propagation of highly oriented VO2 is faster. Highly oriented VO2 films 
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have been obtained on sapphire and TiO2 single crystals [9.12-9.14]. The results show 

that the conductivity exhibits more than four orders of magnitude for the highly (100) 

texture of VO2 thin films and only three orders of magnitude for the highly (010) 

texture of sample with a hysteresis behavior upon heating and cooling through the 

transition [9.14]. These are few reports [9.15-9.17] concerning the synthesis of a-axis 

oriented VO2 thin films on glass substrates. Zhang et al. [9.15] have grown a-axis 

oriented VO2 polycrystals on glass substrates by radio-frequency reactive sputtering 

technique using V2O5 target. They successfully deposited a highly oriented (100) VO2 

thin film nano-structures, after the recrystallization process of the thin film took place 

after annealing the sample at 450 C. Their sample demonstrated a MIT temperature at 

58 C and 50 C with the hysteresis loop width of 8 C. Ngom et al. [9.16] deposited VO2 

thin films exhibited a predominantly (100) orientation on the soda-lime glass at 600 C 

substrate temperature followed by a recrystallization process in temperature range of 

5 C to 25 C. Diallo et al. [9.17] deposited VO2 thin films on soda lime glass substrate by 

PLD and vanadium (V) metal target. They found that at 550 C substrate temperature, a 

change in VO2 (100) preferential orientation could be achieved.  Their sample 

demonstrated a MIT temperature at 79 C and 68 C with the hysteresis loop width of 

11 C and large crystalline size of 350 nm.  

 

In this chapter, we report the influence of the laser wavelengths in PLD technique on 

the structural, optical properties of the optimized VO2 thin films. We are reporting on 

the synthesis of a-axis oriented and nano-particles VO2 (M1) using PLD on Corning glass 

without post-deposition annealing and doping. 
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9.1 Experimental Set-up 
 

The Nd: YAG laser beam as well as its harmonics (λ = 1064, 532, 355 and 266 nm, τ = 8 

ns) was focused onto the rotating V metal target with an incident angle of 45 using a 

cylindrical lens. The pulsed energy was fixed at 70 mJ with 2 mm diameter of the laser 

spot size for all the laser wavelengths (532, 355 and 266 nm). The vacuum chamber 

was evacuated to a base pressure of 10-5 mbar and thereafter oxygen was introduced. 

VxOy thin films were deposited on 450 C Corning glass at a pulse repetition rate of 10 

Hz for 20 minutes under the same oxygen pressure, 0.05 mbar and target-substrate 

distance was set to 49 mm.  

 

The properties of the produced VxOy thin films were characterized by using X-Ray 

Diffraction (XRD), Scanning Electron Microscopy (SEM), Atomic Force Microscopy 

(AFM), and Ultraviolent-visible near Infrared (UV-Vis-NIR) spectrophotomer coupled to 

a heating stage. PANalytical X’Pert PRO is the XRD diffractometer that was used and the 

X-ray source was a Cu-tube with a beam size of 0.38 mm. The operating voltage and 

current were 45 kV and 40 mA, respectively. The XRD patterns of the VxOy thin films 

were measured from 2θ = 0 to 90. JEOL-JAM 7500F scanning electron microscope 

(SEM) was used in this study and Digital Instruments Nanoscope, Veeco; MMAFMLN-

AM atomic force microscope (AFM) was used in this study. Perkin Elmer LAMDA 750S 

UV/VIS spectrophotometer coupled with the heating stage is the UV-Vis-NIR was used 

in this study to investigate the thermochromics properties of the VO2 thin films. 

Wavelength dependence transmittance was measured in the range of 300 - 3000 nm at 

temperature ranging from 30 C to 100 C corresponding to semiconductor and 

metallic states of VO2 material. 
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9.2 Results and Discussion 

A. Structural Analysis 

 

The XRD patterns of the VxOy thin films deposited on 450 C temperature of Corning 

glass substrate at different laser deposition wavelengths using V target are given in 

Figure 9.1. The prominent XRD peaks in Figure 9.1 are occurring around 2θ = 18.3º, 2θ 

= 27.7º, and 2θ = 37.08º corresponding respectively to (100), (011), and (200) 

diffraction planes, along with several weak diffraction peaks which confirms the 

monoclinic VO2 thin films (JCPDS No. 43-0251).  

 

 
Figure 9.1: XRD spectra of VO2 (M1) thin films deposited using several laser 

wavelengths (1064, 532, 355 and 266 nm) under 0.05 mbar oxygen pressure and 

target-substrate distance for 49 mm on 450 C Corning glass. 
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A pure monoclinic rutile-type VO2 (M1), single crystalline nature obtained on the thin 

films prepared using V target for laser wavelengths of 266, 355 and 1064 nm as 

indicated by XRD patterns in Figure 9.1. Furthermore a weak diffraction peak occurring 

around 2θ = 18.3°(100) was observed in both thin films prepared using V target for 

laser wavelengths of 266 and 355 nm as shown in Figure 9.1. This is the first study to 

observe this diffraction peak. The crystalline grains are preferentially oriented along 

the VO2 (011) diffraction as shown in Figure 9.1. This is the normal preferentially 

oriented VO2 (011) usually obtained when non-single crystals substrates are used 

[9.18-9.20]. Liu et al. [9.18] made similar findings when they successfully obtained VO2 

(M1) on fused quartz substrates by ablating a metallic V target at 200 mTorr of Ar/O2 in 

PLD. Whereas for thin film deposited at 532 nm laser wavelength using V target, the 

XRD patterns indicates monoclinic rutile-type VO2 (M1) polycrystalline nature of the 

film as given in Figure 9.1. The crystalline grain is preferentially oriented along the VO2 

(100) as given in Figure 9.1.  

 

As mentioned in the introduction, few reports have presented similar findings after the 

annealing and recrystallization process [9.15-9.17]. Zhang et al. [9.15] obtained a highly 

(100) oriented VO2 on glass substrates using radio-frequency reactive sputtering 

technique and V2O5 target after recrystallization process at 450 ºC. Ngom et al. [9.16-

9.17] deposited VO2 thin films exhibiting a predominantly (100) orientation on the 

soda-lime glass at a substrate temperature of 600 C followed by a recrystallization 

process in temperature range of 5 C to 25 C. More often this preferential orientation is 

found when single crystals substrates are used such as sapphire and TiO2 [9.12-9.13, 

9.21-9.22]. Pei-ran et al. [9.21] successfully deposited highly (020) (040) oriented VO2 

thin films with a good crystalline structure and excellent electrical properties by 
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making use of the 532 nm laser wavelength in pulsed laser ablation technique. The VO2 

thin films were grown on (0001) sapphire substrate that was pre-treated in air and also 

annealed at 1450 C for 12 hours before the deposition. The target-substrate distance 

was about 5.5 cm and temperature substrate during the deposition was at 400 C.  The 

V metal target was used and the pressures of the oxygen were changed from 1 – 8 Pa. In 

this study, Corning glass was used as a substrate and a highly oriented VO2 (M1) in the 

(100) plane was obtained without post-deposition annealing. Garry et al. [9.22] 

successfully obtained highly oriented VO2 thin film in the (100) (200) (300) (400) 

planes on R-plane sapphire (012) substrate by PLD using V metal target. The presence 

of VO2 (100) diffraction peak was observed for the first time on sapphire substrate. 

Usually (020) and (040) diffraction peaks of VO2 thin films are observed in the single 

crystals such as sapphire and TiO2. The presence of VO2 (100) and (300) diffraction 

peaks in their VO2 film is not clearly understood. They suggested more investigations 

on this particular point. To the best of our knowledge no study yet observed these 

diffraction peaks on sapphire substrate. We observed similar diffraction peaks from 

VO2 (100) and (200) in all our VO2 thin films (532, 355 and 266 nm) as given in Figure 

9.1. Muraoka et al. [9.13] obtained VO2 (M1) preferential orientation of (002) grown on 

TiO2 (001) by PLD using V2O3 pellet.  
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Figure 9.2: SEM micrographs of VO2 (M1) thin films deposited using several laser 

wavelengths (1064, 532, 355 and 266 nm) under 0.05 mbar oxygen pressure and 

target-substrate distance for 49 mm on 450 C Corning glass. 
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Figure 9.3: AFM images of VO2 (M1) thin films deposited using several laser 

wavelengths (1064, 532, 355 and 266 nm) under 0.05 mbar oxygen pressure and 

target-substrate distance for 49 mm on 450 C Corning glass. 

 

The corresponding SEM micrographs for thin films prepared reveals nano-particles and 

nano-spheres for these VO2 thin films (1064, 355 and 266 nm) as given in Figure 9.2, 

respectively. Whereas VO2 thin film prepared at 532 nm (using V target) reveals nano-

particles and nano-fibers as given in Figure 9.2. More details of the nano-structures are 

revealed in AFM images as given in Figure 9.3. The 3 x 3 µm AFM images for thin films 

shows that the thin films are not all uniform with root mean square (rms-) roughness 

of~5.92 nm (1064 nm), ~63.4 nm (532 nm), ~28.2 nm (355 nm) and ~36.7 nm for 266 

nm as given in Figure 9.3. The well-known Debye’s formula [9.23] was used to estimate 

the grain sizes of all the VO2 thin films using the XRD peak of 27.81 (011) as indicated 

in Table 9.1.  
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B. Optical Switching Properties 
 

The thermochromics properties of the VO2 thin films were studied by wavelength 

dependence transmittance measurement in the range of 300-3000 nm at temperature 

ranging from 30 C to 100 C corresponding to MIT of VO2 film. Transmittance as a 

function of a temperature measured at 2500 nm, a wavelength at which most of the 

samples show largest contrast in transmittance on switching. The MIT temperature was 

determined in this study as the minimum of the derivative of the temperature 

dependence of transmittance [9.24].  

 

Figure 9.4: Change of the transmittance of a thin film under temperature cycling 

prepared at 266 nm laser wavelength under 0.05 mbar oxygen pressure and target-

substrate distance for 49 mm on 450 C Corning glass. 
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Figure 9.5: Change of the transmittance of a thin film under temperature cycling 

prepared at 355 nm laser wavelength under 0.05 mbar oxygen pressure and target-

substrate distance for 49 mm on 450 C Corning glass. 

 

Figure 9.6: Change of the transmittance of a thin film under temperature cycling 

prepared at 532 nm laser wavelength under 0.05 mbar oxygen pressure and target-

substrate distance for 49 mm on 450 C Corning glass. 
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Figure 9.7: Change of the resistance and transmittance of a thin film under temperature 

cycling prepared at 1064 nm laser wavelength under 0.05 mbar oxygen pressure and 

target-substrate distance for 49 mm on 450 C Corning glass. 

 

Table 9.1: Switching and structural parameters 

 

Laser 

wavelength 

(nm) 

MIT 

temperature 

(C) 

Hysteresis 

width (C) 

Grain size (nm) Roughness 

(nm) 

1064 60.4 14 86.73 5.92 

532 62.2 9.2 84.67 63.4 

355 60.8 11.8 87.87 28.2 

266 57.6 19.7 90.35 36.7 

 

 

Figures 9.4 to 9.7 indicates the thermal hysteresis loops of the optical transmittance at 

fixed wavelength of 2500 nm for VO2 thin films deposited at different laser wavelengths. 
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We observed qualitatively different hysteresis shapes for the VO2 thin films deposited at 

different laser wavelengths as indicated in Figure 9.4 to Figure 9.7. The optical 

transmittance for VO2 thin film deposited at 266 nm laser wavelength exhibit within the 

error bar,  a transition located at  ~57.6 C with the hysteresis width of ~19.7 C and 

also grain size of ~90.35 nm as given in Figure 9.4 and Table 9.1, respectively. For VO2 

thin film obtained at 355 nm laser wavelength indicates within the bar error a 

transition located ~60.8 C with the hysteresis width of ~11.8 C and also grain size of 

~87.87 nm as shown in Figure 9.5 and Table 9.1, respectively, whereas the VO2 thin film 

has a highly preferentially a-axis orientation obtained at 532 nm laser wavelength show 

within the bar error a transition located ~62.2 C with the hysteresis width of ~9.2 C 

and also grain size of ~84.67 nm as given in Figure 9.6 and Table 9.1, respectively. This 

hysteresis width is close to Zhang et al. [9.15] highly preferentially a-axis oriented VO2 

thin film. Their VO2 thin film exhibit a hysteresis width of ~ 8 C of MIT temperatures of 

58 C heating and 50 C cooling after recrystallization process of the thin film took place 

after annealing it at 450 C. In contract, Ngom et al. [9.16] found hysteresis width of 

~4.8 C of MIT temperatures of ~69.5 C for their highly preferentially a-axis oriented 

VO2 thin film after recrystallization process in temperature range of 5 C to 25 C. 

Moreover Diallo et al. [9.17] obtained hysteresis width of ~11 C of MIT temperatures of 

79 C heating and 68 C cooling for their highly preferentially a-axis oriented VO2 thin 

film. The MIT temperature of the VO2 thin film prepared at 532 nm is close to Pei-ran et 

al. [9.21] VO2 thin films grown on sapphire substrate. Their VO2 thin films demonstrated 

a reversible MIT temperature located at 62, 64 and 67 C with the hysteresis widths 

from less than 1 to 3 K. We found that the MIT is in the same order for VO2 thin films 

obtained at 355 and 532 nm laser wavelengths as given in Table 9.1 and these films 
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obtained 87.87 and 84.67 nm crystalline grain size, respectively as given in Figure 9.4. 

Whereas the VO2 thin film obtained at 266 nm laser wavelength have lowest MIT and 

high grain size of the two thin films. Our results indicate that as the laser wavelengths 

increases, the hysteresis width decreases as given Table 9.1. Additionally, as the laser 

wavelengths increases, the a-axis diffraction peak increases as given in Figure 9.1. The 

smallest hysteresis width was observed in the highly a-axis orientation VO2 thin film as 

given in Table 9.1. 

 

9.3 Conclusions 
 

A pure monoclinic rutile-type VO2 (M1) phase was successfully deposited at 0.05 mbar 

of 49 mm using V target at laser wavelengths of 266, 355, 532 and 1064 nm without 

post-deposition annealing on Corning glass. A highly a-axis oriented VO2 thin film was 

obtained at 532 nm laser wavelength without post-annealing on Corning glass. This 

film demonstrates a reversible MIT at ~62.2 C with the smallest hysteresis width of 

~9.2 C and also corresponding to the smallest grain size of ~84.67 nm. These results 

are in agreement with the characteristic of VO2 thin films and are as good as or better 

than VO2 thin films made by other methods. We have shown that by make used of 532 

nm laser wavelength in PLD, a highly a-axis oriented VO2 thin film may grow on Corning 

glass. 
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Chapter 10 

Conclusions and Future Work 
 

10.1 Conclusions 
 

The introduction and problem statements were presented in Chapter 1, as well as the 

contents of the thesis. A literature review of VO2 was discussed in Chapter 2, including 

its structural, optical and electrical properties. The importance of laser induced plasma 

in PLD for the growth of VxOy nano-particles were discussed in Chapter 3. Furthermore, 

the physics and theory of the laser-solid-plasma interactions were discussed in details 

as well in Chapter 3. 

  

The expansion dynamics of a laser ablation plume produced during KrF excimer laser 

irradiation of a VO2 target in vacuum and oxygen ambient (0.01 to 0.2 mbar) was 

investigated using an ICCD camera in Chapter 4. The results revealed that the point of 

transition from one expansion regime of the plume to the next one varies, depending on 

the ambient gas pressures. For example, in the case of low oxygen pressures (0.01 and 

0.05 mbar), the expansion initially remains linear and then deviates with increasing 

time. Whereas at high oxygen pressures (0.1 and 0.2 mbar), the plasma plume 

expansion dynamics passes from free-like to shock-like and finally reaches a stopping 

time and distance. Moreover, the plasma plume expands at the same initial rate at 

various oxygen pressures in the early time-delays. The classical drag and point-blast-

wave models were used to explain the plasma plume expansion. The classical drag 

model fitted well at later stage, whereas the point-blast-wave model fitted well at 

intermediate stage of the ICCD plume images. The ideal shock condition was determined 
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at high oxygen pressure (0.1 and 0.2 mbar). The classical drag fit was used to determine 

the plume stopping distance, initial velocity, and slowing coefficient. The plume 

stopping distances were found to be ranging from 3.6 to 4.8 cm. The initial velocities 

were found to be ranging from 10.5x106 to 8.4x106 cm/s. The slowing coefficients were 

found to be ranging from 2.93 to 1.76 µs-1. 

 

The investigation of the optical emission of ablation plasma plume of VO2 and V targets 

were studied in Chapter 5. This was carried out at vacuum and at a range of gas 

pressure (0.01 and 0.2 mbar), using spectrometer, digital oscilloscope, photomultiplier 

and ICCD camera. These were the mainly three atomic species (V I, V II and VO) were 

investigated. In case of VO2 target, a linear increase was observed on the emission 

intensity close to the target surface until the emission intensity reaches the maximum 

for all the species. While, in case of V target, a maximum intensity was observed close to 

the target for all the species. The classical drag and point-blast-wave models were used 

to describe the plasma plume species expansion for both targets. The classical drag 

model fitted well at later stage and point-blast-wave fitted well at intermediate stage of 

the species expansion for both targets. The ideal shock condition was determined at 

high oxygen pressure (0.1 and 0.2 mbar) for all the species and both targets. The plume 

stopping distance, initial velocity, slowing coefficient were determined and for all the 

species and both targets. The plume stopping distance of VO2 target species were found 

to be ranging from 0.26 to 0.5 cm. While the plume stopping distance of V target species 

were found to be ranging from 0.24 to 0.21 cm. The initial velocity of VO2 target species 

were found to be ranging from 3.14x106 to 0.63x106 cm/s.  While the initial velocity of V 

target species were found to be ranging from 0.52x106 to 0.39x106 cm/s. The slowing 
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coefficient of VO2 target species were found to be ranging from 2.48 to 4.81 µs-1. While 

the slowing coefficient of V target species were found to be ranging from 2.18 to 1.84 µs-

1. 

 

The investigation of the relationship between the plasma plume dynamics and 

deposited VxOy compound thin films that were studied in Chapter 6. The VxOy thin films 

were deposited using the same conditions/parameters of the oxygen pressure and 

fluencies used for the plasma plume and species study. Thin films deposited with these 

plasma and plasma species conditions/parameters revealed the presence of VxOy nano-

rods, nano-plates, and nano-fibers. The V2O3 phase was produced at low oxygen 

pressures, while VO2 (M1) and VO2 (B) nano-rods phases were deposited at 0.05 mbar 

oxygen pressure. The plume expansion and VxOy thin films’ analysis show that oxides 

are mainly formed during the interaction of the plume with the background gas. In 

particular, high oxides thin films are efficiently produced when a shock-wave like 

propagation stage is achieved. A transition temperature of around 61 C was measured 

for sample deposited at an oxygen pressure of 0.05 mbar oxygen pressure and target-

substrate distance of 50 mm. This chapter showed that VO2 (M1) film growth only 

under particular conditions and we are able to precisely control them as revealed by 

comprehensive structural and optical characterisation of the film grown, and through 

study of plume dynamics which behave as in other studies of other materials.  

 

Chapter 7 demonstrated that it is possible to improve the VO2 composition by 

investigating the link between the V-O plume and the VO2 stoichiometry in a PLD 
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process without the need of post-deposition annealing. A pure monoclinic rutile-type 

VO2 (M1) phase was successfully deposited at 0.05 mbar of 30 mm and 0.01 mbar of 38 

mm without post-deposition annealing on Corning glass. These VO2 (M1) films 

demonstrate a reversible MIT temperature at ~52 C and ~57.3 C, without any doping. 

Whereas the VO2 (M1) deposited at 0.01 mbar of 36 mm demonstrates a reversible MIT 

temperature at ~43 C without any doping. Our results indicate that the VO2 will 

normally be deposited when the plume start slowing down (slow shock) and at below 

certain oxygen partial pressures and there are 0.01 to 0.05 mbar. We found that by 

increasing the target-substrate distance from 36 to 38 mm, the grain size of the VO2 

(M1) nano-particles can be increased. Furthermore, the increases of the hysteresis 

width and transition temperature as function of the grain size were also observed. This 

is in agreement with several results reported in the literature. We have shown that by 

investigating the plasma plume propagation of the various species (V I, V II and VO) 

presents good control of the stoichiometry and grain size of the deposited nano-particle 

thin films is possible. There is a good agreement between the deposited VxOy phases and 

structure with the plasma plume propagation. 

 

Chapter 8 showed that it is possible to synthesized and improve the β-V2O5 composition 

by using the link between the V-O plume and the V2O5 stoichiometry in PLD without the 

need of post-deposition annealing. A β-V2O5 phase was successfully deposited at 0.2 

mbar oxygen pressure without post-annealing on Corning glass. This results indicate 

that the β-V2O5 will normally be deposited at shock-wave, when the plume starts 

slowing down, at below certain oxygen partial pressures and there are 0.1 to 0.2 mbar. 

We found that by increasing the target-substrate distance from 23 to 37 mm, the nano-



172 
 

rods dimension can be reduced. Furthermore, the increase of the target-substrate 

distance to 37 mm resulted to the β-V2O5 phase optimized. 

 

Chapter 9 reported on the synthesis of a-axis oriented and nano-particles VO2 (M1) 

using PLD on Corning glass without post-deposition annealing and doping. A pure 

monoclinic rutile-type VO2 (M1) phase was successfully deposited at 0.05 mbar of 49 

mm using V target at laser wavelengths of 266, 355 and 1064 nm without post-

deposition annealing on Corning glass. Additionally, a highly a-axis oriented VO2 thin 

film was obtained at 532 nm laser wavelength without post-deposition annealing on 

Corning glass. This film demonstrates a reversible MIT at ~62.2 C with the smallest 

hysteresis width of ~9.2 C and also corresponding to the smallest grain size of ~84.67 

nm. These results are in agreement with the characteristic of VO2 thin films and are as 

good as or better than VO2 thin films made by other methods. We have shown that by 

make used of 532 nm laser wavelength in PLD, a highly a-axis oriented VO2 thin film 

may grow on Corning glass. 

 

This PhD study provided an improved knowledge of the plume characteristics that may 

open up the route to search for the more suitable experimental conditions for the 

growth of any complex oxide material, depending on its specific aspects. 

 

10.2 Future Work 
 

There are several applications for VO2 as mentioned earlier in Chapter 2. We are 

interest in using VO2 (M1) as thermochromics smart windows, because VO2 (M1) can 
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respond to environmental temperatures, making reversible structural changes from an 

infrared-transparent semiconducting state to an infrared-translucent metallic state and 

partially blocking light while remaining transparent [10.1]. In order to successfully use 

VO2 (M1) as a smart window, one must develop a transition temperature of VO2 (M1) 

close to room temperature, the VO2 film need be as transparency as possible and typical 

maximum visible transmittance values of ~ 60% [10.2].  

 

We demonstrated in Chapter 7 that is possible to improve the VO2 stoichiometric and to 

reduce the transition temperature to close to room temperature (~43 C) with a narrow 

hysteresis width without doping and post-deposition annealing. This demonstration is 

important for the future work for increasing the maximum visible transmittance and 

film transparency. Plasma plume expansion and plume species knowledge will be useful 

in this future work. 

 

We obtained a highly a-axis oriented polycrystalline VO2 (M1) in Chapter 9 with narrow 

hysteresis width of ~9.2 C on Corning glass using 532 nm laser wavelength without 

doping and post-deposition annealing. This is a new technique to obtain a highly 

oriented VO2 (M1). Generally single crystals substrate is effective to obtain highly 

oriented VO2 thin films with a large resistivity during phase transition and a narrow 

hysteresis width because MIT domain wall propagation of highly oriented VO2 is faster. 

There are several investigations need to be done in the future including: optimization of 

the highly a-axis oriented VO2, reducing the hysteresis width to ~1 C, reducing the 

transition temperature to close room temperature and synthesis of highly a-axis 
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oriented single crystal VO2 (M1). Additionally, to investigate the 532 nm laser 

wavelength interaction with VO2 target, making use of the plasma plume knowledge in 

Chapters 4 and 5. In Chapter 8, we demonstrated that is possible to obtain the β-V2O5 

stoichiometric on Corning glass without post-deposition annealing using plasma 

dynamics, paving the way for β-V2O5 gas sensing investigation. 
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