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ABSTRACT

Vanadium pentoxide (V,0s) is a thermochromic material, meaning it can change
is colour upon heating. It has potential application in the fields of lithium-ion
batteries, actuators, catalysis (mostly in organic reactions and a precursor for the
other vanadium salts) and sensors. In this project, the V,0s sol-gel is used as a
precursor of producing thermochromic vanadium dioxide (VO,) thin films. The
consolidated nano- and microcrystal materials based on vanadium (IV) oxide
have attracted various fundamental and applied interest due to its unique optical
properties related to the Mott’s type 1% order transition exhibited at about 68°C.
The most interesting property of VO, coatings is to transmit in the visible light
region as well as infrared region. This makes the good coating for smart windows
such as windscreens of the cars, windows of the dwellings as well as infrared
shutter in laser laboratories.

In synthesis of the film, ultrasonically cleaned normal glass and silicon (111)
substrates were used for the deposition of V,0s film. The low cost method used in
synthesis of the film is soft chemistry, which is well-known as valence reduction
method. The reduction of V,0s was done using three techniques: reduction using
10 % H; mixed with 90 % of Ar, reduction using 50 % of CO mixed with 50 %
with CO, and reduction using laser ablation. During valence reduction, V,0s was
reduced into different vanadium oxides before VO,: V,0s5; V307, V4O0q; V¢Ois;
VO,. The produced V,0s films were studied under atomic force microscope (AFM)
and scanning electron microscope (SEM) techniques to see the surface
morphology and compare roughness, the changes of the pure V,0s crystals with
VO, crystals. There are some other characterization techniques used in this
project including: EDX, XRD, RBS, ERDA, FTIR, UV-Visible, and Raman. The main

aim of producing VO, films was to study them for FTIR modulation applications.
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CHAPTER 1 -Literature Review

1.1 Introduction

Nanotechnology is the design, fabrication and use of nanostructured systems, and
the growing, shaping or assembling of such systems either mechanically,
chemically or biologically to form nanoscale architectures, systems and devices.
This project is based on reduction of V,0s sol-gel to VO, nano structures for
infrared application applications. Vanadium exists in a number of oxide forms, the
di-, sesqui- and pentoxides (VO,, V,05 and V,0s). Vanadium oxygen systems
(V,0s5, VO,) have been studied extensively by theoretical and experimental
techniques. They show metal-semiconductor transition, which implies an abrupt

change in optical and electrical properties. That is why this oxide is used in
thermal sensing and switching. Especially vanadium oxide (V,0s), as a wide band

gap and n-type semiconductor material, was widely investigated because of its
interesting electrochemical performance, is integration in lithium secondary

batteries, and its thermochromic and electrochromic properties [*1,

Focusing on VO, it is a material that displays thermochromic properties, in that it
undergoes a thermally induced, semiconducting- to-metallic phase transition that
results in a dramatic change in optical transmittance and reflectivity in regions of
the spectrum that are major contributors to solar heating. As such,
thermochromic VO, coatings have potential application in the area of energy-
efficient glazing, as well as other applications that exploit thermally driven
changes in dielectric constant. Considering the specific nature of the thermally
driven phase transition, at a temperature of 68 °C, bulk, crystalline,
semiconducting VO, in a monoclinic form undergoes a structural change to a
metallic state that possesses a tetragonal rutile structure characterized by chains

of equidistant V atoms along the tetragonal c-axis. The phase change results in a



high transmittance of infrared (IR) below T. and a high reflectance of IR above T,

[1, 2]

Research problem:

According to the investigations of smart materials, vanadium dioxide thin film is
one of the promising coatings to conserve energy. In this project, vanadium
dioxide thin films are prepared for the infrared radiation (IR) studies because of
its properties such as electrical, electronical, optical and technological applications
which will be discussed also in this chapter. Many researchers tried to produce
VO, coatings under vacuum condition which is difficult to have large vacuum in
industries. The aim of this project is the synthesis and optimization of an
intelligent nano-VO, coatings for solar radiation self modulation. The synthesis of
these coatings should be of low cost to reduce expenses and effective to
industries.

The VO, films will be produced from V,05.nH,O (Sol-gel). The bare glass will be
used as the main substrate to deposit V,05 thin films. According to literature, the
VO, is known as a thermochromic material-meaning it can change its color upon
heating. This kind of material can change its crystal structure during temperature
transition. Normally, VO, is monoclinic and changing to tetragonal after satisfying
some condition related to transition temperature. Therefore, VO, coatings keep
rooms and offices cool and excessive electricity use during the summer months

which can lead to ESKOM load shedding.



1.2 Physical properties of V.05 and VO,

Vanadium is a transition metal with an atomic number 23 and atomic mass of
50.9414g.mol™ . The melting point of vanadium is 1910 °C and its boiling point is
3407 °C. There are five isotopes of vanadium. The vanadium is a rare, soft,
ductile gray-white element found combined in certain minerals and used mainly
to produce certain alloys. The protective film of oxide on the surface of vanadium
makes it to resist. The common oxidation states of this element include +2, +3,
+4 and +5 31, After vanadium has been oxidized, it produces all the vanadium
oxides with different colours, transition temperature, melting point and boiling

point.

1.2.1 Vanadium pent-oxide

Vanadium (V) oxide is a yellow to red crystalline powder with the chemical
formula V,0s and also known as vanadic acid %1, The V,Os is thermochromic
material a transition temperature of about 375 °C, melting temperature of 690 °C.
It is a poisonous orange solid, because of its high oxidation state, is both an
amphoteric oxide and an oxidizing agent. This thermochromic material has
orthorhombic crystal structure 51, It is used as a catalyst in various organic
reactions and as a starting material (precursor) for other vanadium salts. It has

been shown that upon heating V,0s reversibly loses oxygen 41,

1.2.2 Thermochromic Vanadium dioxide

The word thermochromic can be broken into two Greek words thermos and
khroma meaning “warm” and “colour”, respectively. Thermochromic vanadium

dioxide is the kind of material that changes its colour upon heating. Its optical



properties also changes with temperature [31. In this project, vanadium is chosen
because of the tendency of changing in the infrared radiation wavelength region.
There are other vanadium oxides except vanadium dioxide. These oxides are
shown in Table 1-1 with their transition temperature T;, melting temperature T,
color, and crystal structure. Phase diagram in Figure 1-1 is also giving the clear
understanding of vanadium oxides and in which temperatures can they change
one phase to another. In the entire oxides only vanadium dioxide which has the
transition temperature 67 °C near the room temperature (25 °C). The other
vanadium oxides are much less than the room temperature and others are much
greater.

The behavior of VO, at room temperature is semiconducting and highly IR
transparent [*31, When VO, is heated above its transition temperature, it changes

its properties becoming metallic-electrically conducting and IR reflecting or

absorbing.
Material System T: (°C) Tm Color
VO,(M;) Monodlinic 67 1967 Dark blue
V,0; Monoclinic -105 1970 Black
Vs0q(R) Tetragonal -138
V013 Monoclinic -123 700
VO -147 Grey
V307 Monoclinic
V.05 Orthorhombic 375 685 Yellow

Table 1-1-1: The different types of vanadium oxides 3,
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1.3 Methods of Preparing Pure Vanadium (IV) Oxide Films

The deposition of vanadium dioxide can be done using the following methods:

e Chemical vapor deposition (CVD)

e Sol-gel method

¢ Physical vapor deposition (PVD)

e Atmospheric pressure chemical vapor deposition (APCVD)

The produced thin films can be used as IR shutter (in blocking some of infrared
radiation). The advantage for using thin films is that they resist or survive the
stresses caused in cycling between the two polymorphs of vanadium oxide
involved in the in metal-to-semiconductor transition (MST), which is known to
cause single crystals to crack and disintegrate after few cycles 71, The
experiment done by 71 in sol-gel method showed that a vanadium (IV) oxide thin
film could be cycled 108 times without any degradation in electrical contrast.

Sol-gel spin or dip coated takes more application —based approach while VO, films
prepared by PVD methods are generally used for fundamental studies of the
properties of the thin films. In addition, CVD can be used in preparation of thin

films of vanadium (IV) oxide for commercial applications.

1.3.1 Chemical Vapor Deposition (CVD) method

This method is considered as the final method for thin films preparation of VO..
The model method that can be used in producing thin films on high throughput
glass substrates is atmospheric pressure chemical vapor deposition (APCVD). Un-
doped (pure) vanadium (IV) is produced onto glass substrates by CvD [8],

Vanadyl tri (iso-propoxide) or vanadyl tri (iso butoxide) 1 have been used as a



single source precursors for the CVD of vanadium(IV) oxide films, usually if the

resultant of vanadium(V) oxide thin films has been reduced.

Some of the vanadium oxides can be deposited by using two compound; VCl, or
VOCI; with an oxygen source such as water (H,0) or ethanol (CHsCH,OH) 1% with
carbon dioxide (CO,) [*'1, The vanadium oxides, which are produced from the
precursor VCly or VOCI3;, can be reduced to form vanadium (IV) in a suitable
atmosphere. Other precursors which can be used in preparing vanadium(IV)
oxide films from APCVD are acetylacetonate, V(acac); and APCVD method
followed by slow post deposition cooling 21, from vanadium(IV) acetylacetonate,
V(acac),, by a pyrolysis method in a controlled atmosphere [*31. The two
materials vanadyl acetylacetonate and VO(acac), have been used to prepare the
metastable VO, and their crystal structure can be converted into tetragonal phase

by annealing in argon at 500 °C [*4],

1.3.2 Sol-gel method

This method thin film is formed by dip or spin coating substrates with solutions of
metal alkoxides. The coatings are suitably treated to form a thin film of the
required metal oxide. The initial vanadium (IV) oxide has partially hydrolyzing in
the initial coating and this can be reduced by heating the film in a reducing
atmosphere to form crystalline vanadium (IV) oxide. The addition of extra layers
easily achieves the control of the thickness of the film. Sol-gel has been used
extensively to prepare vanadium (IV) oxide thin films in a pure or doped form due
to its simplistic nature. Most researchers regard vanadyl tri (iso-propoxide) as the
most widely used precursor for sol-gel preparation of vanadium (IV) oxide,
followed by vanadyl tri(tertamyloxide). The whole of the first row d-block
elements and much of the second and third row d-block elements have been
doped into vanadium (IV) oxide using sol-gel method [*5],

Takahashi et al [*®1 reported that there is a new method using polyvanade sols

that can be used in metallic vanadium dissolved in 30% H>0, and heated to form



a hydrosol. The hydrosol could then be spin coated onto a suitable substrate and
then reduced in a hydrogen atmosphere. There are two elements (Tungsten and
Molybdenum), which could be introduced in metallic form at the initial dissolution

stage [15 161

1.3.3 Atmospheric Pressure Chemical Vapor Deposition (APCVD)

Method

This method uses mechanical or thermodynamic means to produce a thin film of

solid. In APCVD some of the steps are associated with the one of CVD process:

e Transport of the reactive species to the reaction site
e Gas-phase reaction

e Adsorption onto the substrate surface

e Nucleation on the substrate surface

e Reaction and desorption of byproducts

e  Film growth

In the APCVD experimental setup, the reaction chamber must be at or near the
atmospheric pressure. The required precursors must be low-melting solids or
volatile liquids and they can be transported to the reaction by hot, inert carrier
gas [*71, The high temperature of the substrate is required in order to initiate the

deposition.

In the reaction chamber two types of reactions may occur: homogenous reactions
occurring entirely in the vapor phase and heterogeneous reactions occurring at
the vapor solid surface interface [*81, In the cold wall reactors, the homogenous
reactions and heterogeneous reactions at the reactor walls are suppressed owing
to the lower heat input to the system. Vapor-substrate reactions are regarded as

the most important process [*°],



1.4 Reduction of V,0; to VO, using gases

This kind of method requires the reducing agent which will reduce the excess
oxygen by forming another by product (e.g. H,0O, CO,). In this case, hydrogen
and carbon monoxide are the most suitable reducing agent. Vanadium (V) oxide
with it properties can be reduced to vanadium (IV) oxide with different properties

and applications.

1.4.1 Reduction of V,05-VO, in Mixture of Hydrogen with Argon

Hydrogen is the one of the gases used to reduce oxygen content from the metal
oxides. In this project, hydrogen was used to remove excess oxygen from V,0s in
order to produce VO, film. The produced V,0s film can be reduced to VO, at 500
°C in argon gas, containing 4% hydrogen. Under these conditions, the brown film
turns brown film turns grey and converts to mainly V,0s. In order to obtain VO,
a second heat treatment is carried out at 450 °C in argon gas, bubbling through
water. The water vapor treatment provides a slightly oxidizing atmosphere, which

leads to the formation of a stable blue colored VO, [2°1,

1.4.2 Reduction of V,05-VO, Mixture of carbon monoxide with
carbon dioxide

The mixture of carbon monoxide with carbon dioxide was used in this project as a
second gas to reduce excess oxygen from V,0s. The use of V,0Os for the oxidation
of SO, is part of a well established industrial process. The oxidation process may

be understood in terms of the redox reaction given by:

2(g) _)VZOS(s/I) (1.1)

1
V,0, +5 0



The V,05-V,0, system is ill-defined. On the V,0s side of the V,05-V,0,4 subsystem,
a eutectic temperature is indicated at 660°C and at a composition of 15 mol%
V,0,4. Liquidus temperatures at compositions 28.5, 35, 36.6, 37.8, and 40.0
mol% are respectively 685°C, 700°C, 750°C, 800°C and 850°C [?*1. The flow rate

of the gas should be between 15 and 110 ml/min [21],

1.4.3 Valence reduction of V,05 to VO, and the phase formation

Yuan Ningyi [?2! managed to convert highly orientated V,Os film to VO, film by
using sol gel method. The V,0s films were annealed at 400 °C and the pressure
was below 2Pa in air. It has been mentioned that vanadium has four oxidation
states (+2, +3, +4, +5) and vanadium in vanadium (V) oxide has valence of five
while vanadium in vanadium (IV) has valence of four. This implies that V,0s can
be converted to VO, by reducing the oxygen content, and valence of vanadium is
reduced from +5 to +4. Vanadium pentoxide can form other phases before VO, is

produced.

vV, 0, - V.0, - V,0, - V.0, - VO,

The general formula for the phases between V,0s5 to VO, is given by: V,O5n+1;
(n=2-4, 6).The series of phase between V,05 to VO, (and V,0s to VO,) are called

Magneli phases and their general stoichiometry formula [22!:

VinOsn-1 = V203 + (n—2) VO, where 3<n<9 (12)
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1.5 Structural properties of V,05; and VO,

Vanadium oxides have different crystal structures with different space group. In
this investigation, two crystal structures of vanadium (V) Oxide as a precursor
and vanadium (IV) Oxide will be studied. This includes the lattice parameters and

the V-0 bonding.

1.5.1 Orthorhombic structure of V,0;5

This thermochromic material has orthorhombic crystal structure; and belongs to
Pmam Space group with a lattice parameters a=11.510A, b=3.563A, c=4.369A,
where the b and c axes are often interchanged %1, The vanadium atoms form five
bonds with oxygen V-O bond lengths vary from 1.585 A to 2.021 A: one with O,

atoms, one with the O, atom and three with the O; atoms [23],

V505 (010)
single layer

Vanadium
,/

l___ Oxygen

AN AN
/ N\

O(1) 0@2) O(3)

Figure 1-2: Crystal structure of the orthorhombic V,0s with netplane stacking along the
(010) direction. Vanadium and inequivalent oxygen centers, singly coordinated O (1),
doubly coordinated O (2), and triply coordinated O (3), are marked accordingly. All atoms

of the V,05 (010) single-layer slab at the top are emphasized by darker shaded balls 23],
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1.5.2 Rutile structure of VO,

The metal VO, is regarded to have a rutile structure if it is a simple tetragonal
lattice with space group P4,/mnm [®1, The metal atoms are located at the Wyckoff
positions (2a): (0,0,0), (1/2,1/2,1/2) and the oxygen atoms are located at the
positions (4f): *(u,u,0), £(1/2+4u, 1/2-u,1/2). According to McWhan the lattice
constants and the internal oxygen are: a = 4.5546 &, c = 2.8514 & [®], The rutile

structure is shown in Figure 1-3.

1.5.3 Monoclinic M, structure of VO, (T<T))

At room temperature, the monoclinic M; VO, has a simple monoclinic lattice with
space group P2:/c 81, In the IR-transparent low temperature, Vanadium (IV)
oxide has a monoclinic crystal structure and semiconducting. According to
Andersson the monoclinic lattice parameters are a = 5.743 )3\, b =4.517 ,&, Cc =
5.375A and the angle is p = 122.61 °. Lateron, Longo and Kierkegaard reported
that the lattice parameter and monoclinic angle are a = 5.7517 ,&, b = 4.5378 ,&,
c = 5.3825& and B = 122.646 ° respectively. The crystal structure is shown in
Figure 1-4. The unit cell consists of four formula units. The metal atoms and the
two kind different oxygen atoms occupy the general Wyckoff (4e): £(x, vy, z), £
(x, 1/2-y, 1/2 +z). Anderson, Longo and Kierkegaard in Table 1-2 and 1-3 [®! give
the atomic positions.

Wentzcovitch [®1 determined the lattice parameters and monoclinic angle as a =
5.629 )3\, b =4.657 ,&, c = 5.375 & and B =122.646° respectively; and the crystal
structure parameters which were derived from the variable cell shape molecular

dynamics calculations are listed in Table 1-4.

1.5.4 Monoclinic M, structure

The monoclinic M, phase differs from monoclinic M; since VO, in this phase

crystallizes in a centered monoclinic lattice space group C2/m 81, In M, phase,

12



the monoclinic angle distorts the basal plane of the original rutile cell hence the
setup of the new primitive translations is different from that of the M; phase.
There are two different types of metal atoms and three types of oxygen atoms
and this occupy subsets on the general Wyckoff position: *(x,y,z), £(X,-y,z),
(1/2,1/2,0)x(x,y,z), and (1/2,1/2,0)£(%,-y,z). The crystal structure is shown in
Figure 1-5, and this only happen when VO, is doped with small amount (few

percent) of Al, Cr, Fe and Ga ¢,
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Figure 1-3: The rutile structure of VO, showing the location of metal atoms and oxygen 61,
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rej
: The monoclinic M; phase of VO,°,
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[e6]
Figure 1-5: The monoclinic M, phase of VO, **/.
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Wyckoff
Atom positions Parameters
X Y Z
Vv (4e) 0.242 0.975 0.025
01 (4e) 0.1 0.21 0.2
02 (4e) 0.39 0.69 0.29
Table 1-2: The Anderson’s crystal parameters of M;-VO, €],
Wyckoff
Atom positions Parameters
X Y Y4
Vv (4e) 0.23947 0.97894 0.02646
o1 (4e) 0.10616 0.21185 0.20859
02 (4e) 0.40051 0.70258 0.29884

Table 1-3: Crystal structure parameters of M1-VO, as given by Longo and

Kierkegaard 61,

Wyckoff
Atom positions Parameters
X Y Z
Vv (4e) 0.233 0.976 0.021
01 (4e) 0.118 0.212 0.228
02 (4e) 0.399 0.685 0.293

Table 1-4: Wentzcovitch’s crystal structure parameters of M1-VO, [¢],
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1.6 Electronic properties of VO,

1.6.1 Tetragonal structure of VO, (T>T,)

In tetragonal structure shown in Figure 1-7a, VO, is meant to be in metallic state
and it has V** ion at the center of an O octahedron. For the fact of symmetry, the
degenerate five 3d atomic orbitals of V are split in doubly degenerate e (ds.2-r2,
dx) levels and triply degenerate tyg (dxz-y2, dxz, dy.) levels 181, The e, orbitals are
directed towards O ligands and hybridized with the O2p orbitals. They form the o
and o* bands with the O2p orbitals. The n and n* bands, and the d, band are
formed from the t,q4 orbitals which point in between the ligands and this results

from the V3d,, orbitals along the c-axis.

The high temperature phase forms a metallic properties of VO, due to the overlap
of the d; and n* bands at Fermi level. The low temperature phase causes the V-O
hybridization to change and V-V bonding is stronger an n* rises above Fermi
level. The d, band separate into an empty and filled band due the doubling of the
unit cell, thus VO, has semiconductor properties with a band gap of about 0.7eV.
The semiconductor phase of VO, can have anomalous effects due to the doping of
magnetic impurities and it is in the boundary of being a magnetic insulator. The

metal-semiconductor transition of VO, is shown in Figure 1-8 (a,b) ¢,
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2.88 A Q

2.65A

Figure 1-6: The unit cell for VO, and its metal-semiconductor transformation. (a) tetragonal

structure of VO,, (b) Monoclinic structure of VO, %61,
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VO,

Insulator Metal

Figure 1-7: (a) The insulator showing a band gap, and (b) metallic phase of VO, showing no

band gap % ©1,
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1.7 Electrical properties of VO,

During semiconductor-metal transition, VO, undergoes a ~10° decrease in
resistivity (Figure 1-6) when switching to the metallic state. The sharpness or the
lack of thereof, of these changes in electrical properties has been related to

disorientation between grains, and grain size and other morphologic faults [241,

It has been determined that the variations in the VO, switching are due to the
level of internal or external stress, which can be modified by mismatch between
lattice constants, expansion coefficients on different substrates, or even by ion
bombardment [25-271,

The effect of hydrostatic pressure on the transition temperature (T.) in VO, has
been examined, and the results showed that T. increases linearly with pressure at

a rate of 0.082K/bar [28],

It has been shown that the effect of some impurities (e.g. F, Fe, Co, Ni, Ti, Nb,
Mo, Tc, Ta, Re and W) lowers the T, while Al, Cr, and Ge can raise it appreciably
[29]

Nevertheless, the doping of VO, has some deterioration of the switching

characteristics.
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Figure 1-8: The variation of VO, electrical resistivity with temperature [241,
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1.8 Optical properties

1.8.1 General optical properties of coated material in Infrared

Region

The optical properties of the material change if the light passes through [3°1, The
most important optical properties are the refractive index n and the extinction
coefficient k. In other books, authors’ extinction coefficient is called the
attenuation or absorption coefficient a. This chapter is going to explain how
infrared radiation (IR) is transmitted on the glass with vanadium dioxide (VO,)
film.

This project is based mostly on IR, visible light and ultra violet. In the spectrum
below (see Fig. 1-9), the wavelength of Ultra violet (UV) ranges between 10nm to

100nm, visible light ranges from 400nm to 750nm and IR ranges between 750nm

and 1 mm.
Visible
Gamma X-Rays - IR
rays ’—" uv ¢ * Microwave
— s+ o
—>

| | | | | 1 | | 1 | | | | | |

10" 10° 107 10° 10° 10" 10 10°

Figure 1-9: Light wavelengths within the electromagnetic spectrum.

1.8.2 Transmittance, reflectance and absorption

If the light passing through the material, three things happen: transmittance,

reflectance, absorption [31,
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The light depends on the thickness and the absorption coefficient of the material
to get transmitted. It is not easy for the light to get transmitted if the sample is
too thick, small percentage will be transmitted, and also small percentage will be
absorbed but the rest will be reflected. If the light is not transmitted at all, the
minimum transmittance is zero. Theoretically, the probability of light transmitted
in the thin material is 1; meaning 100% of light is transmitted.

The incoming intensity for incident light is called incident intensity I,, I, for the
reflected light and I; for the transmitted light. The transmittance T, and

reflectance R are defined as follows:

r=l (2.1)
I()
I

R="—"L (2.2)

The transmittance and reflectance are given in percentage. The addition of the
two (transmittance and reflectance) should give 100% for all 31, Except from the
frequency-dependent refractive indices of both materials at the interface, T and R

also depend on the incident angle and on interference effects 31,

1.8.3 Optical properties of VO,

Vanadium (IV) oxide has vital and interesting optical properties since the
switching also affect the optical constants of the material. The effect is
accentuated in the IR region of the smaller changes occurring in the UV-Vis
spectral region (see Figure 1-10). The optical constants have been an object of
study long before any theoretical explanation of the transition, but the
disagreements between authors still persist [3*1, This may arise strongly because
of the small change in stoichiometry can result in somewhat different behavior.

By inspection, the VO, can exist in different colors (“blue” VO, “brass” VO,,
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“brown” VO,) with slightly difference in their oxygen content as well as their
optical properties in the 1-2 eV region [32],

Doping VO, also changes the transition temperature, which also modifies the VO,
optical properties, but like the transport properties, they also deteriorate

somewhat 331 in the process (see Figure 1-11).

80 -
— Semiconductor state
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Figure 1-10: Optical transmittance (-) and reflectivity (--) of a VO, 85 nm thin film 61

deposited on a silica substrate. (a) room temperature, (b) 100°C.
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Figure 1-11: Hysteresis loops of optical switching recorded from undoped and tungsten and

fluorine doped films 331,
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1.9 Doping of Vanadium (IV) Oxide

1.9.1 Tungsten (W) Doping

Out of all the dopants that have been investigated in single crystals and PVD or
sol-gel prepared thin films, tungsten seems promising in reducing the transition
temperature of vanadium (IV) oxide by the greatest extent. The vanadium (IV)
oxide films containing two atom percent tungsten which have been shown to have

a thermochromic transition temperature of 25 °C (see Fig. 1-12), and this is the

ideal transition for nano- VO, smart window coatings [341,
A B
dn
TE.
- ‘
—— ]
dn dII

Figure 1-12: Schematic drawing of two materials, (a) showing no band gap in metallic

structure and (b), showing band gap in semiconductor material 34,

1.9.2 Other Dopants

With the exception of tungsten as a dopant, some other metal ions can be
introduced into vanadium (IV) oxide lattice as dopants. These metal ions have an
ability to affect the metal-to-semiconductor transition (MST) temperature of
vanadium (IV) oxide 341,

In the methods that have been mentioned in 3% for preparation of thin films, sol-
gel have seen greatest variety of dopant ions used most with most of the first-

g [35-371

row transition metals having been use . By using sol-gel method vanadium
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(IV) oxide have been doped with metal ions namely gold 381, molybdenum [3°1,

niobium 8 and aluminium 491,

It has been investigated that co-doping of vanadium (VI) oxide with tungsten and
titanium displayed almost no hysteresis width for infrared switching. Low
thermochromic transition temperature in VO, can also be given by the co-doping

molybdenum and tungsten, or titanium and tungsten 411,

The doping of VO, lattice using physical vapor deposit method is not quite so
extensive compared to sol-gel method and have mostly have been limited to
those that are known to bring about the largest decrease in MST temperature like
tungsten and molybdenum(#?*41, The poor doping in VO, that have shown by PVD
method is the one of iron (Fe) when showing a minimum thermochromic

transition temperature with 1.4 atom percent Fe at 59 °C on heating cycle [4% 461,

1.10 Technological applications

1.10.1 Applications of V,0s

According to the research done, lithium-ion batteries have become the most
popular power sources for consumer electronic devices, such as cell phones and
laptop computers, due to their high specific energy and long cycle-life. In
addition, lithium-ion batteries have tendency of being major breakthrough in the
hybrid electric vehicle field. In defiance of their successful commercial application,
further improvement in the performance of the lithium-ion battery is still required
for large scale applications [24-271,

Vanadium pent-oxide (V,0s) is the most commonly used material as a cathode in

lithium-ion batteries to improve capacity, voltage (versus the anode material),

reversibility, and stability.
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Nanostructured V,0s has potential application in the fields of lithium-ion batteries,
actuators, catalysis (in organic reactions and as a precursor for other vanadium
salts), and sensors [, The performance of a V,0s cathode is heavily dependent
on its crystallinity and morphology. Crystalline V,0s has a high specific capacity,
but during deep charge and discharge cycles, it undergoes with structural
modification which is induced by mechanical stress and this result in decrease of
specific capacity and specific energy. Amorphous or low crystallinity V,0s is

inherently low. It has investigated that upon heating V,0Os reversibly loses oxygen

[4, 24-27]

1.10.2 Applications of VO,

The applications of VO, can be divided into two, civilian and military application.
The example of civilian application is VO, as window coating. The second

application is where VO, is used as a laser protective device 321,

If VO, is used as window coating, this can help in regulating heat transmission
(IR) in buildings or vehicles and this coated window (see Figure 1-13) might not
need external control system. By doping VO, that can creates chances of reducing
its transition temperature from 68 °C to room temperature (25 °C). Transition
temperature can be made less sharp and this making the heat transmission

easier to control 321,

Daniel Johansson [3%! focused the laser light to heat a metallic VO, and the
incident light was reflected. The VO, phase transition also contributes in
reflectance changes, which means IR emissivity of a surface can be controlled.
The decrease in emissivity of hot surface of a material also decreases the initial

transparent of the material.
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Figure 1-13 : Schematic drawing showing how the light has been reflected or absorbed by a

material.
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1.11Conclusions and the scope of investigations

Preparation of VO, thin film, metal oxides, compounds and superfine-grained
materials, intended for various areas of science and engineering, is one of the
challenges faced in modern nanotechnology such as car windscreens and IR-
shutter. The consolidated nano- and microcrystal materials based on vanadium
(IV) oxide have attracted fundamental and applied interest due to its unique

optical properties.

In this investigation, we are focusing on the synthesis VO, coatings from V,0s sol-
gel and the characterization of the film. VO, was selected as one of the promising
materials in the window-coating industries. A wide range of physical and optical
properties VO, thin film, especially metal-semiconductor properties, have to be
well investigated. The film synthesis method, based on the use of reduction gases
(e.g. H, and CO) and laser irradiation as a reduction technique, is currently used
for synthesizing consolidated vanadium oxides. These methods allow the
fabrication ensembles of nano- and micro structured VO, rods consisting of metal-

semiconductor properties, which is crucial in infrared modulation.

The objectives of this research are the following:

The main goal of this research is to produce VO, coatings which will be
marketable because of its technological properties. Vanadium dioxide thin films
on a glass can be useful in smart window-the window which can change one or
more of its properties in the response to some external stimulus. Smart windows
can be the window panes for the houses or the car windscreens. The glass coated
with vanadium dioxide changes its properties in such a way that becoming more
reflective in the infrared wavelengths at elevated temperature and transmitting at

room temperature. Thus, air conditioners and fans can be substituted by these
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windows, which reduce the electricity cost. These VO, coatings can be useful in

workshop or laser laboratories by acting as an IR shutter. This prevents the

laboratory users from getting injured which might lead in losing sight.

a)

b)

)

To deposit V,0s5 thin film on a glass substrate and silicon wafer, reduce it
to form VO, nano-structures. To design and develop the installation for
reduction of V,0s sol-gel using hydrogen gas as a reducing agent. To
investigate the influence of temperature in crystal structure of the target
material when annealing at high temperatures using. In order to
characterize the film, SEM and AFM were used to study the surface
morphology of nano consolidated structure. The XRD technique was used

for the analysis of crystallography.

The V,0s5 film will be also reduced in the presence of carbon monoxide gas.
During reduction parameters such as temperature, annealing time and gas
flow rate have to be varied. In this investigation, the focus is to study and
optimize the influence of temperature in the film during reduction
treatment. The reduced film will be also studied its physical properties

using the analytical techniques.

To reduce V,0s film using laser treatment and the support for this
experiment will be corning glass. The film will be reduced with different
shots to compare the influence of shots in the film. The influence of shots
versus intensity will be studied. The prepared film will be analyzed their
physical properties using analytical techniques such as AFM, SEM, XRD,

RBS, ERDA, EDS, Raman, UV-Visible and FTIR.

d) To use ion beam technique (RBS) for the study of impurities of the film. To

use the ERDA technique for the detection of hydrogen concentration.
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Each and every technique is used according to the information behind the
investigation of the target material. The whole overview is further discussed in
chapter 2. In the experimental section a short summary of the V,05-VO, film
reduction and deposition techniques is given in chapter 3. The most important of
result and observations, discussion of results is also included in chapter 4. The
results discussion is divided into three parts since the reduction of the film was
done with three reduction methods. The results of the three different methods will
be presented and the physics/mechanism through the reduction process will be

discussed.
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CHAPTER 2 - Characterization Techniques

2.1 X-Ray diffraction

2.1.1 Background

X-Ray diffraction (XRD) is a versatile, non-destructive technique that reveals
detailed information about the chemical composition and crystallographic
structure of natural and manufactured materials 71, The X-ray diffraction
methods have qualitative and quantitative analysis.

Qualitative analysis involves the identification of phase or phases in a specimen
by comparison with the reference pattern (i.e. data collected by someone else),
and relative estimation of proportions of different phases in multiphase specimens
by comparing peak intensities attributed to the identified phase. The quantitative
analysis of diffraction data involves the determination of amounts of different

phases in multi-phase samples.

In quantitative analysis, an attempt is made to determine structural
characteristics and phase proportions with quantifiable numerical precision from
the experimental data itself. The most successful quantitative analysis usually
involves modeling diffraction pattern such that the calculated pattern(s)
duplicates the experimental one. All quantitative analysis requires precise and
accurate determination of the diffraction pattern for a sample in terms of both
peak positions and intensities. In some kinds of analysis (i.e. particle shape and
clay structure) rely on the existence of preferred orientation, most require a
uniformly sized, randomly oriented fine (ideally 1-2 um) powder specimen to
produce intensities which accurately reflect the structure and composition of the

phase(s) analyzed [471,
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2.1.2 Generation of X-ray

X-rays are short-wavelength with high-energy electromagnetic radiation and
having the properties of both waves and particles. They can be described in terms
of photon energy (E) or wavelength A and frequency v. The relation of between

energy, frequency or wavelength can be defined as follows:

E=hv=— (2.1)

By substituting the values of the constants in equation (2.1), therefore the energy

can be defined as:

124
E(KeV)

(2.2)

X-rays are produced from the interaction of high energetic electrons with the
metal target. The X-ray tube must contain (a) a source of electron, (b) a high
accelerating voltage, (c) a metal target. The x-ray tubes contain two electrodes,
an anode (the metal target) usually maintained at ground potential, and cathode
maintained at negative potential. The diffraction work is normally in the order of
30 KV to 50 KV. If the beam of electrons interacts with target, this results in loss
of energy. The continuous spectrum is formed when the high energy electrons are

slowed rapidly by multiple collisions with the anode material, which gives rise to

white radiation called Bremsstrahlung [47: 481,

2.1.3 Constructive interference

When a monochromatic X-ray beam with wavelength /ambda is projected onto a
crystalline material at an angle theta, diffraction occurs only when the distance
traveled by the rays reflected from successive planes differs by a complete

number n of wavelengths.
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2.1.4 Bragg’s Law

Since atoms are arranged periodically in a lattice, x-rays scattered from a
crystalline solid can constructively interfere and produce a diffracted beam
through these atoms. In 1912, W.L. Bragg recognized the predictable relationship

among several factors and those factors were combined in Bragg’s Law:

nA=2dsin 0 (2.3)

n=an integer 1, 2, 3...etc [n=1 for calculations]

A= the wavelength of the incident X-radiation, symbolized by the Greek letter
lambda (equal to 1.54 angstroms)

8 =the diffraction angle in degrees

d=the distance between similar atomic planes a mineral, which called d-spacing

and measured in angstroms.

By varying the angle theta, the Bragg’s Law conditions are satisfied by different
d-spacings in the polycrystalline materials. Plotting the angular positions and
intensities of the resultant diffracted peaks of radiation produces a pattern, which
is characteristic of the sample. Where a mixture of different phases is present,

the resultant diffractogram is formed by addition of the individual pattern.

Based on the principle of X-ray diffraction, a wealth of structural, physics and
chemical information about the material investigated can be obtained. A host of
application techniques for various material classes is available, revealing its own

specific details of the sample studied.
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2.1.5 Crystal lattice

A crystal lattice is a regular three-dimension distribution (cubic, rhombic, etc.) of
atoms in space. The arrangement of the atoms form a series of parallel planes
separated from one another by a distance d, which varies according to the nature
of the material. For any crystal, planes exist in humber of different orientations
and each with its own specific d spacing. The lattice parameters can be calculated

from the following equation:

(1/d%h) = {(h*/a%) + (K/b?) + (F/c*)} (2.4)

where hkl and d,y are the planes and d-spacing between the planes,

respectively.

2.1.6 Crystallite size measurement

The phase identification using x-ray diffraction depends on the positions of the
peaks in the diffraction profile with relative to intensities at some extent. Another
important aspect of the diffraction from the material is to consider how diffraction
peaks change through the presence of various types of defects such as small
number of dislocations in crystals with dimensions in millimeters. The defects can
be caused by the small grain size, which can change diffraction peak widths. The
crystallite size is calculated as a function peak width (i.e. full-width at half

maximum peak intensity, FWHM) peak position and wavelength 491,

2.1.7 Scherer’s formula

Suppose that a material has a thickness & measured in a direction in the direction
perpendicular to a particular set of Bragg planes as shown in Figure 2-2. Let there
be (m+1) planes in this set. Let the Bragg’s angle be variable and let 85 the angle

which satisfies Bragg’s law for the particular values of A and d-spacing involved:
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A=2dsin6, (2.5)

The rays A, D...M make the angle with 8z the diffraction planes, shown in Figure
2-2. Incident x-rays that make angles with slightly difference with 6 produce
incomplete destructive interference. For example, ray B makes a slightly larger
angle 6;, such that L' from mth plane below the surface is (m+1) wavelengths out
of phase with B’, the ray from the surface plane. The intensity of the diffracted
beam at an angle 261 is equal to zero. The angle 26, is also equal to zero, where 6,
is such that ray N’ from the mth plane below the surface is (m-1) wavelengths
out of phase with ray C’ from the plane. This defines that the two limiting angles,

261 and 26, at which the diffracted intensity must drop to zero.

The curve of diffracted intensity vs. 286 shown in Figure 2-3a and contrast in
Figure 2-3b, which the hypothetical case of diffraction occurring only at the exact
Bragg angle. The width of the diffraction curve of Figure a increases as a
thickness of the crystal decreases, because the angular range (26,-28,) increases
as m decreases. The width B is usually measured, in radians, at an intensity equal
to half the maximum intensity (FWHM). The estimated grain size is calculated

from the measured width of the diffraction by using the Scherer’s formula:

__ A (2.6)
Bcos,
or, é':ﬂ (2.7)
Bcos6,

a value 0.9 or 1 is used depends on shapes of the crystallites [*°1, The XRD

instrument used in the phase analysis is shown in figure 2-3.
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Figure 2-1: The effect of crystal size on diffraction 91,
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Figure 2-2: The effect of fine crystallite size on diffraction curves {491,
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Figure 2-3: The Bruker D8 Advance XRD instrument at IThemba Labs. (1) X-Ray source, (2)

sample stage and (3) position sensitive detector.
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2.2 Atomic Force Microscope

The atomic force microscope (AFM) or scanning force microscope is a very high
resolution type of scanning probe microscope, with the demonstrated resolution
of fractions of nanometer and it is more than 1000 times better the optical
diffraction limit. In tapping mode the cantilever is driven to oscillate up and down
at near its resonance frequency by a small piezoelectric element mounted in the

AFM tip holder 1301,

2.3 Advantages and disadvantages of AFM

The AFM has many advantages compared to scanning electron microscope (SEM).
The electron microscope provides a two-dimensional projection or a two-
dimensional image of a sample, the AFM provides a three-dimensional surface
profile.

The AFM has the disadvantage in image size compared to SEM. The SEM can
image an area approximately millimeters by millimeters with a depth of field
about millimeters. The AFM can only image a maximum height approximately

micrometers and a maximum scanning area of around 150 by 150 micrometers

[50-53]
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2.4 Scanning Electron Microscope (SEM)

Scanning electron microscopy (SEM) is a type of electron microscope which is
used for various purposes;

e Topographic studies

e Microstructure analysis

e Chemical composition

¢ Elemental mapping

e Elemental analysis if equipped with appropriate detector

(energy/wavelength dispersive x-rays)

For the SEM analysis, focused beam of high-energy electrons is required to
generate a variety of signals at the surface of solid specimens. The signals that
derive from electron sample interactions reveal the hidden information about the
sample including external texture (morphology), chemical composition, and

crystalline structure, and the orientation of materials making up the sample [4°1,

In SEM, primary electrons are filled emitted by cathode filament (W or LaB6) or
filed emission gun (W-tip) and after that accelerated with high energy typically 1-
30KeV. Electron beam is steered with scanning coils over the area of the interest.
During the interaction of the beam with material, the primary electrons decelerate
and lose their energy by inelastic transfer to the other atomic electron and to the
lattice. Due to continuous scattering events the primary beam spread up with
different energies depending on origin source shown in Figure 2-5a. The
interaction volume with the various electrons emitted and their respective energy

is shown in Figure 2-5b [49/54-351,

Secondary electrons of about 1-50eV are mostly used for the imaging the
topographically contrast and reproduce the surface. High energy elastically
backscattered electrons depends on the atomic nhumber (Z) of the element, which

is useful to obtain Z-contrast. For the qualitative and quantitative analysis of the
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elemental composition and distribution in the sample, the X-ray characteristic is

commonly used.

2.4.1 Applications

The SEM is used to generate high-resolution images of shapes of objects (SEI)
and to show spatial variations in chemical compositions, usually
cathodoluminescence (CL) and backscattered electrons (BSE) and energy

dispersive spectroscopy (EDS) [54551,

.
ELECTRON SECONDARY
BEAM \ ELECTRONS C. \
EZzd BACK SCATTERED
ELECTRONS
X RAYS

Tum
b. A

SECONDARY  ELASIIC BEACK
ELECTRONS  SCATTERED

i

F

|
ELECTRON l ELECTRONS
YIELD ? AUGER

I

| ELECTRONS

H L L"m—-

5 50 . 2000 &,

ELECTHUN ENERGY (eV)

Figure 2-5: (a) The interactions of electrons with the surface during bombardment. (b) Type
of electrons and corresponding energies of the emitted electrons after element interaction.

(c) Showing the effect of surface topography on electron emission 91,
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Figure 2-7: The SEM (LEO S 440) picture which was taken from UCT.
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2.5 Energy-Dispersive X-Ray Spectroscopy (EDX)

The EDX system is connected to electron microscopes such as SEM, FE-SEM and
HR-TEM. EDX spectra of the corresponding elements of the sample are obtained
by measuring the energy of x-rays emitted from the sample during e-beam
bombardment.

X-rays are produced as a result of ionization of an atom when an inner shell
electron has been removed by the incident electrons. When an ionized atom
returns from its excited state to its ground state, an electron from a higher
energy outer shell fills the vacant inner shell and then releases an amount of
energy equal to the potential energy difference between the two shells. This
energy, which is unique for every atomic transition, will be emitted either as an x-
ray or as Auger electron. In EDX analysis, the detector analyzes these emitted x-
ray photons from the sample, which can be utilized for quantitative and

qualitative composition analysis [5% 551,

L-Series

K-Series

M-Series

Figure 2-8: A schematic representation showing how X-rays are produced which are used

by EDX to analyze samples [4% 54551,
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2.6 Rutherford Back-scattering (RBS)

Rutherford backscattering spectrometry (RBS) is an analytical technique
used in material science. This is a non-destructive technique since the erosion
and the radiation degradation of the sample material by the particle impact is
negligible. Sometimes referred to as high-energy ion scattering (HEIS)
spectrometry, RBS is used to determine the structure and composition of
materials by measuring the backscattering of a beam of high energy ions

impinging on a sample [5¢],

In RBS, ions of a high kinetic energy (typically 1-3MeV) are directed at the
sample. The incident ions are elastically scattered from the atoms in the sample.
The number of scattered ions and their energy is measured. The data obtained
from the spectrum gives the information on the composition of the sample, the
distribution of the components and the thickness of the sample. The incident ions

from a Van der Graaf are positively charged He+ atoms or protons 561,

In order for the signal from the detector to be processed, common nuclear
electronics and the particle energy spectra are stored in a computer based multi
channel analyzer. The data evaluation is accomplished using standard procedures
and computer codes. The advantage of the RBS analysis depends in the
quantitative analysis of major and minor constituents lying in the first 0.5 to 2.0
micrometers of a material. The detection limits vary from 10 to 10%® at.cm™ for
heavy and light elements depending on the sample structure and composition
respectively. The best solution for improving the detection limits of some light
elements is to use resonant scattering. The depth distribution of constituents can

be reconstructed with a depth resolution approximately 10-20 nm.
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2.6.1 Kinematic factor

The interaction between the projectile ion and the target atom can be properly
described by a simple elastic collision of two isolated particles when the conditions
below are fulfilled.
1. The projectile energy E, must be larger than the binding energy (in order
of eV) of the atom in the target.
2. Nuclear reactions and resonances must be absent. For H* beam, nuclear
effects can appear below 1 MeV; with He*, nuclear effects begin to appear

at relatively higher energies.

From the assumptions, we consider the collision between two particles. The
projectile of mass M; has an incident energy E, and the target of mass M, is
initially at rest. After the elastic collision, a part of projectile energy transfers to

the target.

The kinematics of the simple elastic collision can be fully solved by applying the
principles of conservation of energy and momentum. The ratio K of the scattering

energy to the incident energy can be defined as:

E M 2—Mzsin29)°‘5+M cosd ’
K=—t= E ! ! (2.8)
E, M +M,

The ratio K is also called kinematic factor. The scattered angle 6, which is defined
as the angle between the projectile incident direction and the scattered angle is
shown in Figure. Using kinematic factor formula, M, can be determined from the
known incident particle mass M,, the initial energy E,, scattering angle 6 and

scattering energy E;.
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The small mass difference AM, produces a small energy change AE; in the
measured energy AE; of the projectile after the collision. The relation between

AM; and AE; is given by:

dK
AE, =~ E, ( i

j-AMz (2.9)

2

Therefore, the mass resolution can be estimated from the overall resolution &8E of

RBS as:

[ aK j (2.10)

If the mass difference of two elements in the target falls below the limit

mentioned above, the distinction between two elements is lost [56-571,

2.6.2 Scattering Cross Section

Scattering cross section o is the likelihood of occurrence of a two-body collision.
This leads to the capability of quantitative analysis of atomic composition. The
differential scattering cross section do/dQ can be used to estimate how frequently

a collision actually occurs and ultimately the scattering yield at a certain angle 6.

In most cases, the force between the projectile ion and the target atom is very
small described by Coulomb repulsion of the two nuclei as long as the distance of
closest approach is large compared with nuclear dimensions, but small compared
with the Bohr radius ag=h/m..e=0.53A. The assumptions made came out with the

differential scattering cross section given by Rutherford formula:
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@.11)

0

2
Zzezjz [\/(Mzz—Mlzsinzﬁ)+M2cos6}
= x4

[do/dQ)], :[
M,sin* 6?(M22 —M,’sin’ 6)0‘5

where Z; and Z; represent nuclear charge of the incident particle and target atom,
respectively. For a target of a thin film with thickness D, the scattering yield Y(9),
detected by a finite acceptance solid angle AQ at particular scattering angle 6,

which can be given by:

do AQ.Q

Y(H):N.Dxd—gx (2.12)

cosx

where Q represents the number of incident ions impinging into the target, N is

the atomic density of the target and is the incident angle 56571,

2.7 Elastic Recoil Detection Analysis (ERDA)

ERDA uses high energy of about 1MeV/amu, heavy ion beam to kinematically
recoil and depth profile low atomic number target atoms. The heavy ion projectile
only requires a greater mass than the target atom. Alpha particles (He") are
commonly used to obtain recoil spectrum for hydrogen and its isotopes. Kapton
with four elements (C,,H;gN>Os) is used as the standard target for calibration. The

composition, the depth profile of the target is determined in this technique [58],

Consider a beam of positive ions strikes a solid target, and then enough energy
can be transferred from the incident ion to the target nucleus during their elastic
collision to make the latter recoil from the target. There is an energy loss (from
scattered particles) which can be determined between the initial beam energy and
the final. The heavy elements from the target can be blocked by the Mylar foil,
which only allows the light element (such as hydrogen) to pass through and
detected, shown in Figure 2-9. The concentration of hydrogen can be calculated

using the SIMNRA program [58-591,
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Using the momentum and energy conservation laws, the relation between the
energy E, of the recoil particle and the incident energy E, can be defined as [°%

60].

E =K,E, (2.14)

r

Where K, is a kinematic factor connected with the recoil particle, defined by:

_4M M, cos’ ¢

K
(M, +M,)

r

(2.15)

Where M;, M, and ¢ are: the mass of the projectile, recoil particles and the recoil

angle, respectively. Therefore, it is easy to see that:

K, =1-K (2.16)
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Figure 2-9: Schematic representation of the irradiation setup in ERDA 5% 691,
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2.8 Visible and Ultraviolet Spectroscopy

Sunlight is seen to be white light or as uniform or homogeneous in color, it is
actually composed of a broad range of radiation wavelengths in the ultraviolet
(UV), visible and infrared (IR) portions of the spectrum. Different molecules
absorb radiant of different wavelengths, but many molecules absorb ultraviolet or
visible light. The absorbance of solution is directly proportional to the attenuation
of the beam meaning if absorbance increases attenuation of the beam also
increases. The absorbance is also directly proportional to the path length, b, and

the concentration, c, of the absorbing species 161621, Beer’s Law states that

A=gbc (2.17)

where € is a constant of proportionality, called the absorbtivity.

Data
recorder

Insert
sample

Figure 2-10: The UV-Visible Spectrophotometer at iThemba LABS.
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2.9 Fourier Transformer Infrared Radiation (FTIR)

Spectroscopy

FTIR is the most used techniques in identifying chemicals that are either organic
or inorganic. It can be utilized to quantitative some components of an unknown
mixture. This technique can be applied to the analysis of liquids, solids and gases.
It can also used in identifying chemicals from spills, coatings, paints polymers,
drugs and contaminants [®31, The FTIR used in this research is shown in figure 2-

11.

By interpreting the infrared absorption spectrum, the chemical bonds in the

molecule can be determined. For the most common materials, the spectrum of an

unknown can be identified by comparison to a library of known compounds [¢31,

Insert

sample Spectrum

display

Data capture

Figure 2-11: The FTIR Spectroscopy picture taken from UWC.
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2.9.1

Infrared (IR) Spectroscopy

Infrared (IR) spectroscopy is considered as one of the most common

spectroscopic techniques, which is used by organic and inorganic chemists.

Others call it the absorption measurement of different IR frequencies by a sample

positioned in the path of IR wavelength or beam. The main aim for using IR

spectroscopy analysis is to determine the chemical functional groups in the

sample, and functional groups can be determined according to its different

absorption characteristic frequencies of IR radiation

[63-64]

In this technique, there are some general uses; namely:

Determination of functional groups in organic materials

Determination of the molecular composition of surfaces

Determination of structural isomers and geometrical isomers (molecular
conformation stereochemistry)

Determination of molecular orientation (polymers and solutions)

Identification of all types of organic and many types of inorganic
compounds

Identification of chromatographic effluents

Quantitative determination of compounds in the mixtures

It js a nondestructive method

The common applications are:

Identification of compounds in spectrum using the reference spectrum

Identification of functional groups unknown substances

Identification of reaction components and kinetic studies of reactions

Identification of molecular orientation in polymer films

Identification of polymers, plastics, and resins
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e Detection of molecular impurities or additives present in amount of 1 %

and 0.01 % if it is low

e Formulation such analysis such as insecticides and copol

2.9.2 State of samples

Analysis can be done almost in any solid, liquid or gas samples. The amount for
the solids expected is 50 to 200 mg, but 10 pg ground with transparent matrix
(e.g. KBr) is the minimum for qualitative determinations; 1 to 10 ug minimum

amount which is required if the solid is soluble in a suitable solvent.

The analysis of liquids can be done for 0.5 pl if neat and less if pure. Gases only
need 50 ppb for its analysis. Some solid samples need to be grinded into KBr
matrix or to be dissolve in a suitable solvent (such as CCl, and CS,). Solid sample
can use holder to be analyzed and cells if liquids. This technique sensitive in
water, therefore water should be removed from the sample if possible. The
estimated time to obtain spectrum of one is from 1 to 10 min depending on the
type of the instrument and the resolution required. It is investigated that most
samples can be prepared in duration of about 1 to 5 minutes for infrared (IR)

analysis [63-64],

2.9.3 IR Frequency Range

Infrared radiation is the electromagnetic radiation having a wavelength of
between 700 nanometers and 1 millimeter. In the IR spectrum, the
Wavenumbers range approximately from 13, 000 to 10 cm™ and its wavelengths
longer than visible light but shorter than radio waves [#3-%*1, The interpretation of
spectra is giving the correlation of absorption bands in the spectrum of unknown

compound with the known absorption frequencies for types of bonds [63-641, The
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Table 4-1 helps the users in significant for the identification of the source of the

absorption band with intensity (weak, medium, or strong), shape (broad or

sharp), position (cm™) in the spectrum.

IR absorption positions are presented as either wavenumbers (\_z) or wavelengths
(1) 141, Wavenumber defines the number of waves per unit length. Wavenumbers
are directly proportional to frequency f, as well as the energy of the IR absorption
and inversely proportional to wavelength. Wavenumber, frequency and
wavelength can be interconverted using the following equations:
=Lyt (2.18)
A

where v is measured in per centimeter (cm™) and A is in microns (um).

58



Bond | Compound Type Frequency range(cm™)
2960-2850(s) stretch
Alkanes
C-H 1470-1350(v) scissoring and bending
CH5 Umbrella Deformation 1380(m-w)-Double-isopropyl, t-butyl
3080-3020(m) stretch
C-H Alkenes
1000-675(s) bend
Aromatic Rings 3100-3000(m) stretch
C-H Phenyl Ring Substitution Bands 870-675(s)bend
Phenyl Ring Substitution Overtones 2000-1600(w)-fingerprint region
3333-3267(s) stretch
C-H Alkynes
700-610(b) bend
C=C | Alkenes 1680-1640(m, w) stretch
C=C Alkynes 2260-2100(w, sh) stretch
C=C | Aromatic Rings 1600-1500(w) stretch
C-0 Alcohols, Ethers, Carboxylic acids, Esters 1260-1000(s) stretch
C=0 | Aldehydes, Ketones, Carboxylic acids, Esters | 1760-1670(s) stretch
Monomeric-Alcohols, Phenols 3640-3160(s, br) stretch
O-H Hydrogen -bonded-Alcohols, Phenols 3600-3200(b) stretch
Carboxylic acids 3000-2500(b) stretch
3500-3300(m) stretch
N-H Amines
1650-1580 (m) bend
C-N Amines 1340-1020(m) stretch
C=N Nitriles 2260-2220(v) stretch
1660-1500(s) asymmetrical stretch
NO, Nitro Compounds

1390-1260(s) symmetrical stretch

Table 2-1: Characteristic infrared absorption frequencies
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2.10 Theory of Raman Spectroscopy

Vibrational spectroscopy provides functional information on the structure of
molecules. Molecules absorb radiation of frequencies, and that matches exactly
the frequencies of vibration within the molecule. The frequency at which a
molecule vibrates depends upon the forces between the atoms, the masses of the
atoms, and the geometry of the molecule. If radiation passes through a
transparent medium, the species present scatter a fraction of the beam in all
directions. Raman scattering results from the same type of quantized vibrational
changes associated with IR absorption, and the difference in wavelength between
the incident and scattered visible radiation corresponds to the wavelength in the

mid-IR region [¢5],

In Raman spectroscopy the energies of the same vibration modes can be
obtained. Standard Raman spectroscopy is a scattering technique: a molecule is
exposed to a light beam and deflects some of this light into different directions.
Some of this deflected light obtains a higher or lower energy due to exchange of
energy with the molecule, leaving the molecule in a lower or higher vibration
state. Deflected or scattered light with the same frequency as the incident laser
beam is called Rayleigh scattering, light with higher frequencies is referred to
as anti-Stokes scattering, and with lower frequencies as Stokes scattering.
(see Figure 2-13). The anti- Stokes lines are weaker than the Stokes lines, since
they can only be observed if a vibrational mode is thermally excited. The
difference frequency between the incident and the scattered light corresponds to
the vibrational energy of the mode involved. The selection rule for a mode to be
Raman active differs considerably from that of absorption spectroscopy. For a
mode to be Raman active its polarizability has to change during the vibration.
Modes that are active in absorption need not be Raman active, and vice versa.
Consequently, Raman is a tool that can give additional unique information on

molecular vibrations.
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Figure 2-12: Rayleigh and Raman Scattering [6°1,
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2.10.1

Lasers are the mostly used sources in the modern Raman spectrometry shown in
figure 2-13; however lasers are used because of their high intensity and they are
necessary to produce Raman scattering of sufficient intensity to be measured with

a reasonable signal-to-noise ratio. The five types of common lasers used in

The Raman experimental setup

Raman spectroscopy are listed in table 2-2.

Sample cell

Lasersource

Radiation

Wavelength
transducer

selector

Figure 2-13: Block diagram of the Raman spectrometer %1

Camputer data system

Laser Type Wavelength (nm)
Argon ion 488.0 or 514.5
Krypton ion 530.90 or 647.1
Helium-neon 632.8

Diode 785 or 830
Nd-YAG 1064

Table 2-2: The common Laser Sources for Raman Spectroscopy 291,
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CHAPTER 3 -Methodology

3.1 Deposition of V;05 film

It has been mentioned in chapter 1 that chemical methods will be used to prepare
the VO, samples from V,0Os precursor. The bare glass was used as the main
substrate for the initial preparation of the V,Os film. Silicon (111) was also used
as a substrate for the high temperature annealing. The substrates were cleaned
using ultra sonic device. They were put in a beaker which containing methanol,
acetone and trichloroethylene. After the substrates have been washed, they were

rinsed using de-ionized water.

After the substrates were well cleaned, they were cut in 10 mm x 10 mm. The
droplets approximately 4.8 ml of vanadium pent-oxide solution were deposited on
a bare glass substrates and silicon wafer (Si [100]). In order for the solution to
dry up, these substrates were heated in the furnace (oven) at about 95 °C for two
hours. A brownish film grew on the substrates, with a colour which corresponded
to that of the V,0s solution. These samples were taken for XRD phase

measurements to verify whether V,0s peaks were present.

3.2 Reduction of V.05 to VO, using H-/Ar gas

The deposited samples of V,0s films were annealed to produce VO, films in the
presence of hydrogen (see chapter 1.4.1). During annealing, the parameters such
as temperature, flow rate and time were varied. The first step was to put the
samples in a HV furnace. In this case the first parameter to be varied was
temperature. In order to reduce the stress on the substrate (glass) and not to
consume our precursor completely; the temperature was varied from 200 °C to

550 °C. The annealing time and flow-rate of the gas were fixed at two hours and

63



4.5 litres per minute, respectively. The mixture of 10 % hydrogen-90 % Argon
gas was used as the reducing agent of oxygen. The other samples which were
deposited on silicon (111) were also annealed at: 200 °C, 300 °C, 400° C, 500 °C,
600 °C, 700 °C, 800 °C, and 900 °C. The reason for using silicon was to heat the
sample at high temperatures because of its high melting point compared to the
glass. Nevertheless, heating the sample at high temperatures produced various
phases and to confirm the phases as well as the melting point of V,0s we used
XRD. Thereafter, the annealed samples were taken for XRD measurements to see
phase formation. The temperatures at which some VO, was observed were 350 °C
and 400 °C. Therefore, the annealing time was varied from 2 hours to 5 hours in
the step size of 1 hour. The temperature was kept fixed at 400 °C and the flow

rate of the gas was still fixed at 4.5 litres per minute.

The same experiment was performed with the 50:50 % mixture of hydrogen to
argon. In this case only the film deposited on glass was used. In order to
conserve the gas, flow rate of the gas was reduced from 4.5 I/min to 57 ml/min

(milliliter per minute). The heated samples were also measured using XRD.
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Figure 3-1: Schematic diagram of V,0s reduction to VO, using hydrogen (H>) gas as

reducing agent.
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3.3 Reduction of V,0;5 to VO, using CO/CO, gas

In this case, the gas that was used was carbon monoxide (CO) to reduce oxygen
from V,0s. This idea is from chemistry where CO is mixed with oxygen to form
carbon dioxide (CO,). Three parameters (annealing temperature, annealing time
and flow-rate of a gas) were used in this experiment. The V,0s sample was
heated under pure carbon monoxide to reduce all the oxygen content. A grayish,
silver like film was obtained which indicated a presence of a pure metal. XRD
measurements confirmed that indeed we had pure vanadium. After we have seen
that CO can convert metal oxide to metal, the mixture of CO-CO, from the
different gas cylinders were used in a sense of 50:50 % ratios. The samples of
V,0s on a glass were put in the furnace and the lid of the furnace was tightly
closed. The furnace was switched on; the adjustable temperature was also set. In
order for the gas not to spread all over the lab, the fan was switched on. This fan
extracts all the gas inside the fume hood and the fume hood was also tightly

closed for assurance of the gas used not to spread all over the lab.

The CO, was the first gas to let it flow and after five minutes let CO flow. The
bubbles were seen in bottle half-filled with water and this was a symbol of gas
flow. The annealing time and flow-rate were fixed to 2 hours and 4.5 litres per
minute, respectively. The temperature was varied from 300 °C to 550 °C. All the
temperatures were giving some VO, peaks under XRD but 350 °C was the best.
Annealing time was also varied from 30min to 3 hours while flow-rate and
temperature were fixed at 4.5 litres per minute and 300 °C, respectively.

The similar experiment to the one above was performed with the mixture of
CO/CO; [50:50 %] gas in the same cylinder. The flow-rate of the gas was also
changed to 57 milliliter per minute. The produced samples were taken for XRD to

identify the phases formed.
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Figure 3-2 : Schematic diagram showing the V.05 reduction to VO, using carbon monoxide

(CO) gas as the reducing agent.
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3.4 Reduction of V,0;5 to VO, using laser irradiation

The main idea was to reduce V,0s film to VO, thin film using laser pulses. V,0s
sol-gel was deposited on corning glass substrate and dried at 95 °C furnace for
three hours. These films were ablated using XPL 200 model machine. The type of
laser used is KrF excimer at a wavelength of 248 nm, energy of 272.2 mJ/cm?,
power of 113 mJ] and pulse duration of 30 ns. The target-substrate distance was
typically 7 cm. in order to compare the effect of laser on the film, different pulses

were sent to the V,0s film.

The first heating was done at low pulses of 1, 2, 5 and 10 shots. In comparison,
the V,0s film was also irradiated with 25 shots and 100 shots. After the V,0s film
had been laser irradiated, the phase and crystallinity were studied by XRD. The
films were also studied using analytical techniques; AFM, SEM, FTIR, UV-Vis and

Raman.
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CHAPTER 4 -Experimental Results

4.1 Introduction

In this section, we present experimental results and discuss further the science
behind what we got. This chapter contains results obtained from samples which
were annealed under hydrogen, carbon monoxide and heated using a laser.
There is also a presentation of the experimental analysis of correlations between
sample surfaces and optical responses (using Raman spectroscopy, FTIR-
spectroscopy and UV-Vis spectroscopy) for polycrystalline samples having no
preferential orientation. Other analytical techniques discussed in this chapter

include XRD, SEM, EDS, RBS, and ERDA.

4.2 SEM surface morphology of H./Ar reduced V>05

In this case, SEM was used to study the surface morphology films annealed at
various temperatures. The discussion is based on the film which was deposited on
silicon (111) wafer as a substrate. We used silicon, because unlike the glass we
used in some cases, it is thermodynamically stable at high temperature. These
high temperature anneals would hopefully show the change in film morphology
from the low temperature anneals. The observed surfaces vary in appearance
under SEM observation as a function of annealing temperature. Analysis of the
as-deposited V,0s thin film (see Fig. 4-1a) shows that the film surface is not
homogenous but is rough. In figure 4-1b, it can be observed that the film which
was annealed at low temperature (300 °C) tends to peel in some places. This
could be due to stress that develops during the annealing process, which causes
the film to peel off. The sample annealed at high temperature (800 °C) in figure
4-1c shows the increase of particles on the surface. This shows that as the

temperature is increased, the roughness of the film increases as well.
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Figure 4-1: The SEM images of the annealed V,Os samples under H./Ar gas. (A) as-

deposited film, (B) 300 °C annealed sample and (C) 800 °C annealed sample.
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The three dimensional (3D) AFM image (Fig. 4-2a) of the as deposited V,05 film
was taken in order to further observe microstructure and confirm the SEM result
of Fig. 4-1a. The finer morphology and roughness of the films can be clearly seen.
The nanoscope software analysis reveals random growth of grains in the film. The

maximum roughness and average RMS roughness is 202 and 18 nm, respectively.

Fig. 4-2b shows the AFM image of annealed V,Os film at 300 °C for 2 hours. It is
seen that there are grains formed in the film, also it has revealed that the growth
of these grains is not uniform. Using the nanoscope software, the maximum
roughness and the average RMS roughness are 284 and 19 nm, respectively. The
film also tends to peel from the substrate due to stress, which confirms the SEM
results. The sample which was annealed at 800 °C for 2 hours is showing an
increase in number of grains. The maximum roughness and the average RMS
roughness are 97.2 and 6.63 nm, respectively. Comparing Fig. 4-2a and Fig. 4-
2¢, the roughness of the film decreases as the temperature is increased. This can
be caused by an increase in the consumption of the film and the melting of V,0s.
It can also be caused by partial peeling of the film from the substrate.

In conclusion, after thermal treatments, the increase of roughness can be
explained by the grain growth. The randomly distributed grains in the films can
be explained by the polycrystalline nature of vanadium or vanadium crystals

during the deposition process.
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Figure 4-2: The AFM images of the V,0s film annealed under H./Ar gas. (a) as-deposited

sample (b) annealed at 300 °C sample and (c) annealed at 800 °C.
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4.3 XRD analysis of H,-treated samples

X-ray diffraction instrument was used to characterize the annealed V,0s samples.
Bruker D8 Advance XRD instrument with CuK, source and wavelength of 1.54 A
was used to analyze calcined sample. This kind of machine uses Vantec 2000
detector to detect wide diffraction angles of the material. Silicon substrate with
high melting point was used to anneal V,0s at high temperatures. Vanadium has
five oxidation states which make to be difficult to get single phase throughout the
XRD spectrum after the sample has been annealed.

In this experiment, hydrogen was used as reducing agent in V,0s5-VO; reduction.
The gas flow rate used in this experiment was 1 I/min and time was fixed at two
hours. In Figure 4-3, the spectra of the heated V,0s5 samples under the mixture of
10 % hydrogen with 90 % argon. The V,0s (001) peak seems to appear in all the
annealing temperatures. This V,05 (001) peak is decreasing in intensity, its full
width at half maximum (FWHM) varies (see table 4-1). The V,0s (001) peak
which is found at the approximate 26 of 41.8 ° is starting to disappear from 500
°C to 900 °C.

The V30, peak was found at the approximate 26 of 29.1 ° which follows the
asdeposited samples. The broadness and intensity of the peaks were varying, not
constantly decreasing. Another Magneli phase, VO3 peak was found from the
700 °C and 800 °C samples at the approximate 26 of 54.7 °. The V40 peak was
found around 26 of 31.7 °. In conclusion, the formation of Magneli phases shows
that the V,05-VO, reduction can be improved by varying time, temperature and

the gas flow rate.
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Figure 4-3: The reduced V,0s/Si (111) for 2 hours under H./Ar gas. As the sample is

heated to 700 °C and 800 °C, a new phase appears.
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Sample 20 (9) Intensity (a.u) FWHM

Reference 20.929 45695 0.271
300 °C 20.931 31264 0.306
400 °C 20.948 30715 0.299
500 °C 20.920 519 0.084
600 °C 20.337 1999 0.207
Reference 29.105 5315 0.136
300 °C 29.109 3948 0.144
400 °C 29.120 6141 0.144
700 °C 28.500 898 0.245
700 °C 29.099 5655 0.125
800 °C 28.459 5345 0.552
800 °C 29.039 13687 0.149
900 °C 29.044 9278 0.177
Reference 31.714 847 0.249
300 °C 31.730 626 0.231
400 °C 31.740 503 0.238
700 °C 32.971 639 0.185
700 °C 54.654 6489 0.306
700 °C 55.539 2888 0.948
800 °C 53.090 22432 0.296
800 °C 54.685 11743 0.480

Table 4-1: The V,05 annealed under H,/Ar gas shows the change in intensity and FWHM.
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4.3.1 SEM and EDS characterization of samples treated with
CO/CO..

Scanning electron microscopy was used to evaluate the surface morphology and
growth mechanism in each of these reactions. The thin films which were prepared
from the CVD method (as-deposited) and the films which were reduced in the
presence of CO/CO, were found to have similar morphologies (Figure 4-4a and 4-
4b) of agglomerated particles on the substrate surface. However, the rods were
obtained from pre-heated sample as well as the annealed sample. From the
images, it is seen that the rods for asdeposited sample were broken down from
micro-rods to nano-rods. This shows that temperature has an effect on surface
morphology the V,0s film. The rods of the as-deposited sample were found to
have varying diameters in nanometers: 437, 304, 323, 372, 434, 350, 250, 291,
and 335 with varying length in micro meters: 1.8, 1.4, 1.9, 2.0, 1.8, 1.3, 1.2,

and 704 nm, 567 nm.
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Figure 4-4: (a) The asdeposited V,0s on a glass substrate (b) the annealed V,0s sample at
600°C.
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In this research, the EDS which is interfaced with scanning electron microscopy
was used for the atomic composition analysis. This technique was also use to find
out whether there were impurities present in the film. The EDS spectrum in
Figure 4-4 showing the K-beta and K-alpha peaks of vanadium and they are
determined with the corresponding atomic weight in table 4-2. The sharp peak of
K-alpha is showing that the sample has vanadium (V) and its atomic percent was
determined as 74.14. However, oxygen (O) is also there in the sample but EDS
did not extract any information due to technological problems of EDS detectors.
Carbon (C) is the following element to have high atomic percentage of about
23.60. It comes from the sample since pure glass is non-conducting it had to be
coated with carbon. Silicon (Si) and calcium (Ca) is probably comes from the

glass substrate

CK
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Figure 4-5: EDS spectrum showing the vanadium main peaks.
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Element Line Weight %  Error k-Ratio Atomic %

C Ka 6.87 1.290 0.0276 23.60
O Ka 0.00 0.000 0.0000 0.00
Si Ka 1.30 0.042 0.0087 191
Ca Ka 0.33 0.018 0.0040 0.34
v Ka 91.50 0.384 0.8964 74.14

Table 4-2: The information of the heated V,0s sample taken from the EDS spectrum.

4.3.2 AFM characterization of CO/CO,-treated samples.

The AFM technique was used to study the surface morphology of the film. Both
CO/CO; treated and non-treated V,0s images were studied further to see the
shape of the crystals and determine the influence of temperature on these
crystals. Corning glass was the only substrate used for the deposition of the film
in this experiment. Figure 4-6a is a typical AFM image of the non-treated sample,
Figure 4-6b is the sample annealed at 450 °C and Figure 4-6¢ is the annealed
sample at 600 °C for 20 minutes, respectively. This thin film exhibits the
morphology of polycrystallites which shows nano-structures such as nanorods.
The increase in these grains also increases the surface roughness (root mean
square, RMS) of the film. The roughness of the pre-heated sample of V,0s5 on
glass was determined as 11.8 nm and the roughness of the annealed sample of
V,0s on a glass at 600 °C was determined as 14.8 nm. Therefore, the roughness
increases as the heating time of the film increases. The increase in annealing time
can change the surface structure and it is possible for the crystal structure to also

change.
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Figure 4-6: The AFM images of the annealed samples for 20 minutes under CO/CO, gas. (a)
Non-heated V.05 deposited on a corning glass, (b) heated V,0s at 450 °C and (c) The
heated V,0s at 600 °C.
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4.4 Crystallography of CO/CO, sample using XRD technique

X-ray diffraction (XRD) was used to characterize the films from all reactions and
indicated the production of monoclinic vanadium dioxide from orthorhombic
vanadium pent-oxide (see Figure 4-7).The identification of phases was firstly
done on the 95 °C pre-heated pure V.05 on a glass. The XRD results showed four
peak of pure V,0s: [200], [001], [400], and [002]. As can be seen in the figure,
the 001 reflection is the strongest peak and it was confirmed by XRD pdf file. The
lattice parameters @ and c¢ were calculated from the equation (4.4) using the
spectrum above. The results were: a= 11.5 & and ¢=4.350 &, which is the lattice
parameter of the orthorhombic V,0s [81, According to the XRD pdf file, the space

group of the crystal structure is Pp,;.

The spectra in Figure 4-8 are the heated V,0s samples under the mixture of
carbon monoxide with carbon dioxide. The substrate used for these samples was
corning glass. These samples were annealed for 20 minutes each. Temperature
was varied from 400 °C to 600 °C and flow rate of the gas was fixed at 4.5 litres
per minutes. The V,0s peak is diminishing directly proportional with the increase
in temperature. The decrease in peak height shows that the intensity is also
decreasing. As the heat treatment has been performed to the sample, VO3 and

V50, peaks are starting to appear.

The spectrum in Fig. 4-9 shows the sample which was heated at 350 °C. This
sample was annealed in the presence of CO/CO, (50:50 %) with the flow rate of
57 ml/min. According to some published papers the annealing time for V,0s to
form VO, is approximately 2 hours depending on the flow rate of gas during
reduction process 31, It can be seen from the spectrum that the V,Os peak has

totally disappeared at 350 °C and the orientation (002) of VO3 starts
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dominating. The other Magneli phases such as V30, and V404 appeared at 350 °C.
This phenomenon shows that oxygen began to escape from the crystal. The VO,
signal was obtained in (-202) and (402) planes, which was confirmed by XRD pdf.
file. The main Vg0;5 peak can affect the VO, hysteresis which can cause poor
metal-semiconductor properties. According to the spectrum the peaks are
different, some are sharp and some are broad. If the peak is sharp it means
FWHM is small and the grain size is large. Once the peak is broad this means the
grain size is small. Therefore, the film has the mixture of large and small grains

(see equation 2.5).
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Figure 4-7: The XRD spectrum of V,0s deposited on glass substrate.
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4.5 UV-Vis characterization of heated V,05 under CO/CO-

This kind of technique was used to study the optical behavior of the CO/CO,
reduced sample in the visible region. By performing optical measurement using
UV-Vis spectroscopy, the film can show semiconducting VO, behavior regardless
of what is seen through XRD. In Fig 4-10, shows the UV-Visible spectra of the
samples which were annealed for 20 minutes in the presence of CO/CO, mixture.
The film is absorbing in the ultra violet region and starts to transmit in the visible
range. The non-heated sample is transmitting about 8 % which indicating that the
non-CO/CO, treated film was too thick. The transmittance of the film starts to
decrease as the heat treatment was performed. The decrease in transmittance
shows that the film has become rough, thus increasing its diffuse reflectance. In
the absorption cut-off, there is a shift with respect to the heat treatment. This
results in the change of band gap as calculated in table 4-3. Theoretical, if VO, is
a Mott insulator there should be spin expectations below the charge-excitation
gap of 0.6 eV 7], Nevertheless, the calculated band gap shows that our film does

not contain VO,.
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Figure 4-10: UV-Vis spectra of the samples annealed under CO/CO; gas.
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Temperature (°C) A (nm) Eg (eV)
Non-heated 566 2.2
400 631 2.0
450 612 2.0
500 641 1.9
550 637 1.9
600 599 2.1

Table 4-3: Calculated band gap of the annealed V.05 under CO/CO; gas.

4.5.1 FTIR-optical characterization of the CO/CO, treated V,05

The FTIR was used to observe the behavior of the treated film in the infrared
region. This technique was also used to determine the stretching of bonds in the
infrared .In Fig. 4-11, the V,0s samples were annealed for 400 °C, 450 °C, 500
°C, 550 °C, 600 °C. The annealing time was fixed for two hours under the mixture
of CO/CO,. The exponential increase of transmittance starts approximately from
the wavenumber of 2000 cm™. According to theoretical V-O FTIR spectrum,
stretching in V=0 bond is found at the range of 400-1800 cm™ and V-O-V
stretching is found at 650-800 cm™ %81, In our spectrum V-O bound is not found
since the glass substrate is absorbing a lot of visible light and infrared. According
to the table of infrared data interpretation in table 4-1, C-H stretching bond is
found at A= 2848 cm™ and B= 2921 cm™ which could be the contamination from
the reducing gas. The stretching in O-H bond due to V,0s sol-gel is found at the
wavenumber of C=3520 cm™. The non-heated film transmits the light of about

14% and after annealing the transmittance drops to 7 %T and below.
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Figure 4-11: The FTIR spectra of the annealed V,0s film for 20 minutes. It was observed
that temperature has influence in transmittance of the annealed film.

4.5.2 Raman results

In this research, Raman spectroscopy was used to determine the stretching of V-
O bonds and to determine the vibration modes of V,0s and VO,. It was also used
to determine influence of temperature to the intensity and full width at half
maximum (FWHM). The normal Raman measurements were performed to the
samples which were calcined under CO/CO, (shown in Figure 4-12). The model
used in this characterization was Horiba HR800 with the power of 5.1 mW and a
wavelength of 514.5 nm.

In contrast, a shoulder with a relatively weak intensity is observed at low
frequency between 200 and 450cm !, which is associated with the bending

vibration modes of the V3-0O, V,-O and V=0. The Raman spectra of the as-
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deposited films show two broad peaks around at 496 and 535 cm™, due to the
stretching modes of the V-0-V and V5;-0 bonds, respectively. The shift in peaks
is observed from 722 to 696 cm™ and 1570 to 1137 cm’, the broadness of the
peaks is also decreasing, which could be caused by the breaking of V-O bonds.
The band appearing at 975 and 1020 cm™ corresponds to the V (vanadium)-0O,
(vanadyl oxygen) stretching mode. The band between 700 and 900 cm™ is
assigned to the anti-symmetric stretching vibration of the V-O,-V group (Ob:
bridge oxygen). The group of bands present at <600 cm-1 wavenumber
correspond to the edge-shearing 3V-O. stretching and the bridging V-O,-V
deformations [69-711,

When the reduction of V° *ions to V* *ions with the insertion of CO/CO, converts
the V° *=0 bonds to V* *=0 bonds, it's also possible to expect the conversion of
V> *-0-V°> * single bonds to V* *-0-V* * single bonds. Based on these
experimental results, we propose that the V* *=0 bonds are generated by two
different mechanisms. The first mechanism is the direct conversion of V> *=0
bonds to V* *=0 bonds with CO/CO, insertion. The second mechanism is the
breaking of V* *-0-V* * single bonds. When the V°* *-0-V® * single bonds are
reduced to the V* *-~ O-V* * bonds by reducing oxygen content with the insertion
of CO/CO,, the distances between V and O become longer due to the weaker
coulomb interaction and these bonds can be broken, thus creating the V* *=0
bonds [69711 We believe that this second process generates a more disordered
amorphous structure due to the breaking of bonds. This increased state of
amorphization also can be evidenced in the V,0s films deposited in decreased
oxygen partial pressures. As shown in the Raman spectra of Fig. 4-12, increased
oxygen deficiency (more reduced state) leads to more structural disorder in the

vanadium oxide thin films.
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Figure 4-12: Raman measurements of the annealed samples under CO/CO; gas.

4.6 Study of surface morphology using SEM

This technique was used to study the effect of laser irradiation on the V,0s film.
The films which were prepared from the CVD reaction showed the images rods
from samples reduced by CO/CO, gas. After laser irradiation, Figure 4-13a and
Figure 4-13b showed similar images of spheres which seem to be hollow. The
spheres which were obtained from laser irradiation had diameters in nanometers:
733, 688, 681, 650, 666, 629, 621, 615, and 591 nm. The increase in hollow
spheres affects the optical properties of the film which will be studied by UV-

visible spectrometer in 4.10.
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Figure 4-13: (a) laser irradiated sample-5 shots (b) laser irradiated sample 100 shots
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4.6.1 Surface Morphology of the irradiated V.05 samples

The deposited V,0s samples (see Figure 4-14a) were irradiated with a laser of
wavelength 514.5 nm. It was observed that, the increasing of crystals also
increases the root mean square roughness of the film as shown in Fig. (4-14b).
Using Nanoscope software, the average roughness of the film was calculated.
Before laser irradiation, the average root mean square roughness of the non-
heated V,0s film was determined as 16.7 nm. After the irradiation of five shots
the average roughness root mean square roughness was determined as 103 nm.
The film was also irradiated with 100 shots and showed the decrease in average
root mean square roughness of 41.6 nm. Therefore, heat treatment of the film
can be also done by sending the laser beam through the sample. The increase in
number of shots to the film also increases the number of grains on the film
surface. As in the number of shots increases, the vibration of atoms in crystal

lattice and results in changing the crystal structure.
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Figure 4-14: (c) Non-heated V.05 on a glass. (b) Laser irradiation of V,Os film with 5 shots
(c) Laser irradiation of V05 film with 100 shots
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4.7 Identification of phases using XRD technique

The XRD technique was once more used to study the crystallography of the laser
irradiated samples and study the effect of shots as the function of phases. Fig. 4-
15 shows a typical XRD spectrum of the sample which was irradiated with

different shots: 1 shot, 2 shots, 5 shots, 10 shots, 25 shots and 100 shots.

The samples of V,0s deposited on a glass, which were irradiated with the
wavelength of 514.5 nm shows a phase shift in peaks compared to the non-
irradiated sample. In the spectrum the shift is not uniform, is not shifting in one
direction which could be due to the different doses into amorphous sample. It is
also obtained that intensity and FWHM have no standard pattern but fluctuating
increase. Using equation 2.6, the grain size was calculated in nano-meters as
shown in Table 4-4 and 4-5.

During irradiation, the laser strikes the film which causes the vibration in atoms.
This can change the crystal structure of the material. The phase shift can be seen
from the magnified XRD peaks in Fig. 4-15. The sending of laser to the film is
knocking atoms and heating the film at the same time. The V-O bond becomes
loose which really change the crystal structure. The XRD pdf file showed that the
V,0s orthorhombic structure changes to tetragonal structure as the pure V.05 is

irradiated 72741,
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Figure 4-15: XRD measurements in the 20 minutes annealed samples.

[001] Peak
Shots 20 ) intensity (a.u) FWHM Grain size (nm)
0 20.41 9712 0.132 22
1 20.42 4666 0.176 16
2 20.38 10889 0.127 23
5 20.36 8594 0.118 24
10 20.42 3611 0.139 20
25 20.42 1981 0.112 26
100 20.40 5550 0.130 22

Table 4-4: laser irradiated V05 film with the calculated grain size of (001) peak.
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[002] Peak

Shots 20 () intensity (a.u) FWHM Grain size
0 41.3 1434 0.128 12
0 41.4 568 0.109 14
1 41.3 195 0.085 18
1 41.4 40 0.469 3
2 41.4 932 0.161 9
2 41.3 1770 0.133 11
5 41.4 526 0.112 14
5 41.3 1322 0.111 14
10 41.3 506 0.139 11
10 41.5 189 0.119 13
25 41.4 646 0.103 15
25 41.5 345 0.152 10
100 41.4 811 0.164 9
100 41.5 290 0.080 19

Table 4-5: laser irradiated V,Os film with the calculated grain size of (002) peak.

4.8 Raman results for the laser irradiated samples

The normal Raman measurements were performed to the samples which were
heated with excimer laser (see Figure 4-16). This technique was used to see the
effect of shots in the broadness and the intensity of the peaks.

At a first glance, the normal Raman spectra of our pure V,0s5 films exhibit sharp
peaks in a way similar to the CO/CO, treated V,Os film. The intensity of these
films is quite low; this fact can be explained by the small amount of deposited
material and the low laser irradiation used. In addition, a Iluminescence
background must be taken into account. The phase shift in peaks of the irradiated
samples was observed, which was also observed by XRD. The full width at half
maximum of the peaks was observed to be very broad although there were some
few sharp peaks. However, the broadness of the bands can be due to the

amorphous state of the film or caused by small crystals in the sample.
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The peaks located between 487 and 303 cm are assigned to the bending
vibrations of the bridging V-O-V (doubly coordinated oxygen), and the triply
coordinated oxygen (V3-0) bonds, respectively. Two more low-frequency Raman
peaks at 165 and 122 cm™ can be distinguished which correspond to the lattice
vibration. These two peaks are strongly associated with the layered structure.
There are two broad peaks at 645 and 712 cm™ due to the stretching vibration
modes of the V3-O and V,-O bonds in a disordered V-0O-V framework,
respectively. These peaks appear as different two peaks at the asdeposited
sample, 2 shots, 5shots and 10 shots, and appear as single peak at 25 shot and
100 shots. This real shows that laser heated the sample as a result of breaking of

V-0 bonds [69-711,
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Figure 4-16: The Raman spectra of the samples irradiated with the excimer laser.
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4.9 Optical properties of laser irradiated samples by FTIR

The FTIR measurements were also performed on the irradiated samples (see
Figure 4-17). In order to compared the effect of laser in V,0s film, the V,05 film
was irradiated with different doses including 1 shot, 2 shots, 5 shots, 10 shots, 25
shots and 100 shots. The first three irradiations (1, 2 and 5 shots) were from the
film of the same deposition standard. The last three irradiations (10, 25 and 100
shots) were performed from the different asdeposited as the first three
irradiations. Therefore the two different asdeposited films showed different
transmittance due to the different thickness. The different reference samples
come from the fact there was no standard tool to deposit uniform film. The
samples also start transmitting exponential approximately from 2000 cm™. The
highest transmittance of the sample is around 9 %T. The stretching of bonds was
determined at A=2872 cm? and B=3497 cm’, which is C-H and O-H bonds,
respectively. According to theoretical V-O FTIR spectrum, stretching in V=0 bond

is found at the range of 400-1800 cm™ and V-O-V stretching is found at 650-800

cm—l [58].
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Figure 4-17: The FTIR spectra for the laser irradiated V05 film.
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4.10 Optical properties of laser irradiated samples by UV-Vis

This technique was used to study the effect of laser doses on the V,0s film. Figure
4-17 are the spectra of the laser irradiated samples for 1 shot, 2 shots, 5 shots,
10 shots, 25 shots and 100 shots. The irradiation was done in two different, pre-
fabricated films. This was done such that the two films were fabricated in different
thicknesses. According to the observations in the spectrum, the irradiated V,0s
coating is transmitting in the visible light as well as infrared region of the EM
wave spectrum. The maximum transmittance of the non-calcined is
approximately 31 %, which could be due to the thickness of the film or the

formation of the crystals on the surface of the film.

The absorption cut-off is shifting proportional to the increase of laser doses. The
slightly change in band gap calculated in table 4-6, which confirms XRD results of
changing in crystal structure (orthorhombic to tetragonal). The calculated band
gap of the non-heated V,0s film is 3.3 eV and the theoretical band gap is 3.35 eV.
In conclusion, the band gap of the laser irradiated V,Os film is depending on the

wavelength of absorbance.
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Figure 4-18: UV-Vis measurements of the laser irradiated film.

No. of shots A (nm) Eg (eV)
Non-irradiated 371 3.4

1 337 3.7

2 350 3.5

5 335 3.7

10 359 3.5

25 328 3.8

100 345 3.6

Table 4-6: Calculated band gap of the laser irradiated V05 film.
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4.10.1 Determination of composition and thickness of film by RBS

In order for the thickness and the composition of the film to be known, the RBS
measurements were performed. This technique was also use to determine the
impurities present in the film. The machine was calibrated using standard
materials such as platinum (Pt), palladium (Pd), titanium (Ti), silicon (Si), silicon
dioxide (SiO;) and carbon (C). During calibration (see Fig. 4-19), the slope and
offset were determined as 3.899 KeV/Channel and 69.308 KeV, respectively. The
simulation (see Fig. 4-20) was done in layers; layer one was the film consisting of
vanadium, oxygen and carbon. The concentration was determined as v = 0.36, o
= 1 and c = 0.02. The thickness of the first layer (film) determined using RUMP
program was 2010 x 10'° at/cm?. The calculated thickness using SRIM program
was determined as 318 nm. The second layer was the corning glass substrate
consisting of silicon, oxygen calcium, magnesium, aluminum and sodium. During
simulation, the concentration was determined as Si = 0.18, O = 0.45, Ca =

0.035, Mg = 0.023 and Al = 0.002.
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Figure 4-19: The calibration of RBS technique

98



Normalized Yield

Energy (MeV)
0.5 1.0 1.5

25 | ! ! ! ! | ! ! ! ! | ! ! !

OMAS0029
Simulation of V-O-C/O-Si-Ca-Mg-Al-Na

20

15

10

|
100 200 300 400
Channel

Figure 4-20: The simulated RBS spectrum showing the thickness of the film.
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410.2 Determination of hydrogen concentration using ERDA
technique

The ERDA is interfaced with RBS, i.e. they are using same beam in the
microprobe. These ERDA measurements were performed in order to determine
the hydrogen concentration present in the V,0s film since it is from V,0s sol-gel.
During the striking of positive ions to solid target (V,0s film on a substrate),
enough energy is transferred from the incident ion to the target nucleus. There is
an energy loss (from scattered particles) which is determined between the initial
beam energy and the final beam.

In this experiment, Mylar foil was used to block only the heavy ions and allow
only light element such as hydrogen to pass through and get detected. The
Kapton material (C;H10N20s5) was used as the standard material for calibration.
This material has a tendency of releasing more hydrogen ions. Its hydrogen
concentration is approximately 30 at %. This material was bombarded with ion
beam of different energies (3 MeV, 2.5 MeV, and 2 MeV). The hydrogen
concentration of prepared V,0s samples was calculated using SIMNRA program.
The calculations were done in layer form and they showed that H-concentration is
decreasing as the channel and energy are decreasing. The average concentration
of hydrogen was determined as 0.896%. During simulation (see figure 4-21),
some crucial parameters for calibration such as the offset and slope were
calculated. The offset and slope were calculated as 42.5 and 2.3, respectively.
These parameters were calculated using RUMP program which is normally used

for RBS simulation. The thickness of the film was determined as 3000x10%

Atoms/cm?®. The collected charge used was 1.48x10> uC and the detector solid

angle of 1.48x10° sr.
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Figure 4-21: The simulated ERDA spectrum for hydrogen concentration.
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CHAPTER 5 -Conclusion

5.1 Summary and conclusion

In this project, the reduction and characterization of heated V,0s to form VO, has
been carried out. All the reduction of V,0s sol-gel was done in three different
techniques namely: H,/Ar gas, CO/CO, gas and laser ablation. After the analysis
of the samples was done, there are some conclusions drawn up from the obtained

results.

Summary of reduced V,0s samples under H,/Ar gas:

The surface morphology which was studied using SEM showed the increase in
number of grains after heating the sample. The crystals obtained after heat
treatment at high temperature were rod-like shape. The AFM results also
confirmed the increase of crystals on the surface of the film. According the AFM
results, maximum roughness and the average root mean square roughness are
decreasing as the film is heated at high temperature. The crystallography analysis
of heat-treatment of the film was studied with XRD technique and showed the
slightly reduction of V,0s5 to V¢O;3 by H>/Ar gas. The intensity of V,0s diminishing
as the heat treatment is done at high temperatures. The optical results were not

presented since silicon wafer is not transmitting in visible light region.

Summary of reduced V,0s samples under CO/CO; gas:

The CO/CO, gas was effectively employed to reduce V,0s to VO, thin films. The
both as-deposited and the heated samples under this reducing gas were studied
their surface morphology using SEM. The SEM images showed grains on a surface
of the film before and after the heat-treatment. It was found that the as-
deposited and the 600°C heated samples have similar morphologies of
agglomerated particles on the film surface. In measurements it showed that the

rods found in the as-deposited film were in the scale of microns and after sample
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has been annealed at 600°C, the rods were in the scale of nanometers. The EDS
analysis was also done since EDS is interface with SEM. The EDS spectrum
showed the K-beta and K-alpha peaks of vanadium and their corresponding
atomic weight. The AFM results confirmed the SEM results, after heat-treatment
at low temperature 450°C, the number of grains increases and forms rods at
temperature of 600°C. The roughness of the film also increased after annealing
from 8.24nm to 11.8nm.

The crystallography of these samples were studied using XRD technique, it was
found that the as deposited sample is pure orthorhombic V,0s with the space
group of Pnn;. The lattice parameter were calculated as a= 11.5 & and c=4.350
A. The XRD revealed that 3500C is a promising temperature of reducing V,Os to
VO,. This sample was found to have two VO, peaks: (-202) and (402).

The optical measurements were done by UV-Visible and the film showed the low
transmittance. The low transmittance is due to the thickness of the film and the
non-oriented particles on the film. It is also shown that the absorption cut-off is
shifting with respect to the annealing temperature. However, this phenomenon
shows the presence of different phases with different band gaps. The FTIR which
was used to study optical properties and the stretching of bonds showed the less
transmittance due to thickness of the film, and the stretching of C-H bond
approximately 2846 and 2920 cm’l. The Raman was also used to find the
stretching bonds. The weak intensity was observed at low frequency between 200
and 450cm !, which is associated with the bending vibration modes of the V3-0,
V,-0 and V=0. The Raman spectrum of asdeposited film shows two broad peaks
around at 496 and 535 cm™, due to the stretching modes of the V-0O-V and V3-0O

bonds, respectively.
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Summary of reduced V,0s samples reduced by laser irradiation:

In this reduction technique, the SEM images showed the interesting surface
morphology of V,0s5 rods changing into V,0s hollow spheres after laser irradiation.
The AFM images also confirmed the dramatic change of V,0s rods to V>0s hollow
spheres. However, the hollow spheres were not clearly under AFM as the SEM
images. The crystallography was studied using XRD; the results showed the shift
in phases after laser irradiation. This phenomenon shows the stretching of V-O
bonds during laser heating, which causes the crystal lattice to vibrate. The
vibration of atoms also causes the change in crystal structure as it was found that
orthorhombic V,0s changed to tetragonal structure.

The UV-Vis showed that the film transmittance decreasing as the heat treatment
as has been performed to the film. In the results showed by UV-Vis
measurements, the absorption cut-off is shifting with respect to the annealing
temperature. This can be caused by the variation of the band gap or not being
uniform of the film. The optical properties, vibration modes and the stretching of
V-0 bonds were studied using FTIR. The irradiated film is transmitting very low in
the IR region due to film thickness and the increase of hollow spheres. It was also
found the similarities of irradiated film with the CO/CO, sample, it was observed
that the absorption cut-off shifting with respect to number of doses. The
stretching in O-H bond was determined between 3600 and 3200 cm™ due to the
V,0s sol-gel. The stretching of C-H bond was also found at at 2863 cm™ and 2936
cm™.

The vibration modes and stretching of V-O bond was studied using Raman. The
peaks located between 487 and 303 cm™ were assigned to the bending vibrations
of the bridging V-0-V and V3-0 bonds, respectively. The broad peaks were found
at 645 and 712 cm™ due to the stretching vibration modes of the V5-0 and V,-0O

bonds in a disordered V-0O-V framework, respectively.
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The RUMP program was used to analyze RBS measurements which showed
exactly the elements present in our film. This type of program also showed which
elements is the substrate was made of. Determination of thickness of the film

was using RUMP was very important to pursue with other calculations.

The SIMNRA program was used to analyze the ERDA measurements. The aim for
these measurements was the determine hydrogen concentration since the film
was from V,0s sol-gel. In the measurements, hydrogen concentration was seen
decreasing as the channel decreases. This was seen as directly proportional to the

decrease in energy.

In comparison of the three V,05-VO, reduction techniques, the CO/CO, is the
promising to reduce V,0s to VO, thin films. The three vital parameters in this
technique are; temperature, time and flow rate of the reducing gas. The heat
treatment is also promising with the slightly reduction of V,0s to VO, film. Laser
irradiation is long process to reduce V,0s to VO, thin films. The further research
of VO, coatings should be studied to improve too dark colour and unappealing of
the film. A deeper scientific understanding of how thermochromics work is still
required and some of the processes used to make VO, coatings are not easy to

control.
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