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Abstract

Vanadium dioxide (VO2) has a metal-semiconductor phase transition
at 68◦C. This transition associates with the change of crystallographic
structure from the monoclinic (M, P21/c, semiconductor) to the rutile
(R, P42/mnm, metal). Abrupt changes in transmittance and reflectance
in the Infrared region and electrical resistance also occur during the tran-
sition. This optical property can be used in energy-saving smart windows
(automatically block heat). In this study, VO2 nanoparticles have been
fabricated by combusting the low-cost precursor solution consisting of
NH4VO3, C2H6O2 and C2H5OH. Structural analysis of VO2 was stud-
ied by X-ray diffraction (XRD) and Raman spectroscopy. Though XRD
pattern are well corresponding to VO2(M), Raman results (grinded vs.
non-grinded powder) demonstrate the same response as V6O13. After
spin coating with polymer PMMA, the optical properties of VO2-based
composited film was measured to be 70-90% of transmittance and≈16%
of reflectance of 300-2,400 nm wavelength at the room temperature. The
variation of transmittance are observed when the particle density is var-
ied. However, there is no change or very little change of reflectance
when sample are heated up to 90◦C. This could lead to focus on synthe-
sis process and Raman analysis that affect the optical properties at room
temperature (semiconductor) and at 90◦C (metal).

Keyword : Vanadium dioxide, monoclinic, rutile, XRD, Raman spectroscopy
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Chapter 1

Introduction

1.1 Motivation
The conservation of energy becomes nowadays the center of interest in many

fields, in sustainable energy improvement which emphasize in the increase of
energy efficiency to reduce the uses of energy as much as possible.

“Smart Window” has intelligent control which can reduce air-conditioning
load to save energy as they are capable of modulating the solar radiation that
passes through the window of the building. Besides window for office and
homes, possibles applications include automobile sunroof, sign and display,
aircraft window, and spacecraft.

Electrochromic smart window (Fig.1.1) is controlled by the amount of volt-
age applied to the glass. Applying low voltage, the window is darken.
Removing voltage, the window returns to lighten because electrons return to
their original layers.[1]
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Figure 1.1: Schematic of electrochromic smart window [2]

Thermochromic smart window (Fig.1.2) differs from electrochromic smart
window, which is triggered to dark state by heat instead of electricity. When the
environmental temperature increases, the window turns to darken which blocks
infrared.

Figure 1.2: Schematic of thermochromic smart window [2]

Both, Electrochromic and thermochromic smart windows are the two ways
to save the building energy. However, the high cost and complicated structure of
electrochromic devices make them unaffordable to be mostly used. In contrast,
thermochromic smart windows do not require additional energy to perform their
function. This smart window could be produced by coating with some specific
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materials on the glass substrate which can reflect the heat radiation from the
sunlight.

In this case, thermochromic material could switch the reflection properties
when the temperature changes across a specific temperature and also reduce the
transmittance radiation passing through the building. Vanadium dioxide VO2
is well-known as a glass coating material because it exhibit phase transition
near room temperature around 68◦C.[3] For practical application, VO2 could
be deposited on the glass substrate by physical or chemical process such as
sputtering or chemical vapor deposition. These processes use the multi-step
operation and time-consuming process.

Because of its unique metal-semiconductor phase transition characteristics,
VO2 has been widely used in photovoltanics, temperature sensor, smart window
coating.[4]

There still remains another important challenge in improving the practical
application of VO2 based smart film for smart window application, which in-
clude low visible light transmission and high annealing temperature required to
obtain pure phase VO2(M).[4]

This work is expected to reduce the particle size which could increase the
effective area by utilizing VO2 nanoparticles for coating. VO2 nanoparticles
could potentially improve the problems of low visible light transmission, high
phase transition temperature and low solar modulation rate of VO2 continuous
thin film in smart window applications.[4, 5] In addition, the simple synthesis
of nanoparticles in this work will also shed light on the possibility of producing
VO2 nanoparticle thin film on flexible substrate such as thin plastic, polymer,
or graphene because it does not require any high temperature annealing.[3]

3



1.2 Project Objective
1. To prepare thermochromic vanadium dioxide (VO2) nanoparticles with a

simple and low-cost method.

2. To determine the characteristic of VO2 nanoparticles.

3. To study the transmittance spectrum of nanoparticle films of 300-2,400
nm wavelength with various spinning conditions and various particle den-
sity at room temperature.

4. To study the reflectance spectrum of 300-2,400 nm wavelength at room
temperature and at 90◦C for thermochromic application.

1.3 Expected Outcome
1. Gain knowledge and understand of synthesis process of VO2 nanoparti-

cles

2. Understand the instrument used such as Raman spectroscope, UV-Vis-IR
spectrophotometer

3. Potentially gain good quality films to further explore with W-doping

4. Potential development for industrial scale production
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1.4 Project plan

Action plan
2020 2021

Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar

1. Study the theoretical
background and review
existing literature

2. Synthesis monoclinic
VO2 nanoparticle and
prepare the thermocromic
film

3. Determine the optical
properties of the VO2 thin
film

4. Analysis of the
experimental results

5. Prepare the report and
presentation
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1.5 List of Abbtrevation and Symbols
3D Three dimension
MST Metal-semiconductor phase transition
PMMA Poly(methyl methacrylate)
SEM Scanning electron microscope
SNR Signal to noise ratio
SPT Structural phase transition
VEG Vanadyl Ethylene Glycolate
XRD X-ray powder diffraction
a Lattice constant
a1,a2,a3 Base vectors
c Velocity of light
C Concentration of sample
dhkl Inteplanar spacing
I0 Incident light
I Trasmit light
TMST Phase transition temperature
ε Molar absorptivity
θB Bragg angle
h Planck’s constant
λ Wavelength
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Chapter 2

Background and Theory

2.1 Structure and phase transition of VO2

The atomic number of vanadium (V) is 23, and it is a transition metal. The
electron configuration of vanadium is [He]3d34s2 so it partially filled 3d and
4s subshells. In addition to vanadium dioxide (VO2), vanadium has many other
stable oxides, such as vanadium monoxide (VO), vanadium trioxide (V2O3), and
vanadium pentoxide (V2O5), as well as phases with other oxygen to vanadium
ratios. V2O3 is an example of Magnéli phases with generic formula VnO2n−1.
[6] Metal-semiconductor phase transition (MST) is observed in many of the
vanadium oxides including V2O3, V3O5 and VO2.[6] VO2 has been the subject
as it exhibits MST near room temperature around 68◦C.

VO2 has been the subject of intense research as it exhibits MST near room
temperature around 68◦C (340K). In addition to huge changes in the resistiv-
ity, optical properties are substantially modified during the transition, and a
great variety of potential applications have been proposed which utilize MST
in VO2.[7]

The metal-semiconductor transition in VO2 is accompanied by a structural
phase transition (SPT) from a low-temperature semiconductor phase to a high-
temperature metallic phase. The phase that exhibits metallic behavior above
the transition temperature has a tetragonal structure. Since the structure of the
metallic phase resembles that of a rutile TiO2 structure, the phase is known
as R phase in Fig.2.1. In R phase, the vanadium atoms form a body-centered
tetragonal lattice and are surrounded by an oxygen octahedron.[8] The insu-
lating phase, which exists below phase transition temperature (TMST ), has a
monoclinic structure, and it is known as M phase. Its unit cell is bigger than
structure of the metallic phase.
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Figure 2.1: Schematic of metal-semiconductor phase transition [9]

The micromechanism of metal-semiconductor phase transition in VO2 has
been attached much attention, but there has been no MST model that explain
all the experimental results. At the present, the explanation of the MST mech-
anism of VO2 is mainly the debate[10] among the electron correlation driven
Mott transition[11], the structure-driven Peierls transition[9] and the synergy
between the two mechanisms.[12]

2.2 X-ray Diffraction (XRD)

2.2.1 Generation of X-rays
X-rays is an analytical technique primarily used for identification of a crys-

talline material and can provide information on unit cell dimensions because
the wavelength of X-rays are the same scale as the distance between atom inter-
action. In observable diffraction depends on the phase difference between the
scattered wave which is related to the atomic distance.

Synchrotron radiation and fluorescent X-ray emission are the main process
for generation of X-rays. Synchrotron radiation emerges from the accelera-
tion and deceleration of charged particles, such as electrons. When they travel
through magnetic fields. Synchrotron radiation requires large facilities but pro-
duced radiation from a board range of spectrum with high intensity. In the other
hand, Characteristic X-rays are generated when electron move to lower energy
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that correspond to the difference of energy states (∆E)

∆E = h f =
hc
λ

(2.1)

where h is the Planck constant and c is the light velocity. For the electron
to occupy this lower state, there must be unfilled state. Otherwise the transition
cannot occur because of Pauli exclusion principle. Vacancy can be generated by
bombardment of photons or particles which have high enough energy to remove
an electron from the shell. To produce characteristic X-rays electrons must be
expelled from the innermost energy states requiring more energy.

2.2.2 Bragg’s law
The X-ray diffraction can be describe as Bragg’s law where it has been as-

sumed that the all atoms in the unit cell are identical.[13] The summation can be
calculated for Bravais lattices revealing that some reflections from planes (hkl)
are forbidden since they yield a zero coefficient. These reflections, although
predicted by Bragg’s law, are thereby not observed. Bragg’s law is presented as

2dhkl sinθB = nλ (2.2)

where θB is known as Bragg angle, which gives the maximum intensity, n is a
positive integer which represents the order of diffraction and dhkl is the vector
drawn from the origin to the plane (hkl) at a 90° angle. In diffractometers, the
X-ray wavelength λ is fixed. The representation of Bragg’s law is shown in
Fig.2.2

Figure 2.2: Geometrical representation of Bragg’s law
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So, we often consider the position of the diffraction peaks are determined by
the distance between parallel planes of atoms which is the magnitude of vector
dhkl .

2.2.3 Crystallography
Unit cell is the smallest and symmetric cell which can be used to reproduce

the whole crystal. The vectors forming the unit cell are called unit cell axes or
crystal axes. The lengths of the vectors are called lattice constants. The unit
cell is characterized by its lattice parameters comprising of the length of the
vectors and angles between them.

Overall, 7 lattice systems based on the shape of the unit cell and 4 types
of unit cells exist. Taking into account all the three-dimensional (3D) lattices
which are symmetrically different, 14 called Bravais lattices exist. The 7 lattice
systems and the corresponding lattice parameters are summarized in Table 2.1

Table 2.1: Three-dimensional lattice systems

Lattice ParameterLattice System Crystal Axes Angles Bravis Lattices

P(Primitive)
I(Body-centered)Cubic a1 = a2 = a3 α = β = γ = 90◦

F(Face-centered)
Hexagonal a1 = a2 6= a3 α = β = 90◦,γ = 120◦ P(Primitive)

P(Primitive)Monoclinic a1 6= a2 6= a3 α = γ = 90◦ 6= β C(Base-centered)
P(Primitive)
I(Body-centered)
C(Base-centered)Orthorhombic a1 6= a2 6= a3 α = β = γ = 90◦

F(Face-centered)
Rhombohedral a1 = a2 = a3 α = β = γ 6= 90◦ P(Primitive)

P(Primitive)Tetragonal a1 6= a2 6= a3 α = β = γ = 90◦ I(Body-centered)
Triclinic a1 6= a2 6= a3 α 6= β 6= γ 6= 90◦ P(Primitive)

α is angle between a2 and a3, β is the angle between a1 and a3, and γ is the
angle between and a1 and a2.

It is a common convention to label a particular crystal plane using Miller
indices (hkl). The three indexes (hkl) are found in the following. Miller in-
dices for planes have been obtained, they can be used to calculate angles be-
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tween planes as well as spacing between parallel planes. For the simplest and
most symmetric structure, i.e. the cubic structure, the spacing between adjacent
planes (hkl) is given by

dhkl =
a√

h2 + k2 + l2
(2.3)

In this approach, we study the monoclinic system. It simplifies to

1
d2

hkl
=

1
sinβ 2 (

h2

a2
1
+

k2 sinβ 2

a2
2

+
l2

a2
3
− 2hl cosβ

a1a3
) (2.4)

2.3 Raman Spectroscopy
Raman spectroscopy is an analytical technique where scattered light is used

to measure the vibrational energy modes of a sample. Raman spectroscopy
can provide both chemical and structural information, as well as the identifi-
cation of substance through their characteristic Raman "fingerprint". Raman
spectroscopy shows this information through the detection of Raman scattering
from the detection of Raman scattering from the sample.

When light is scattered by molecule, the oscillating electromagnetic field of
a photon induces a polarisation of the molecular electron cloud which leaves the
molecule in a higher energy state with the energy of the photon transferred to the
molecule. This can be considered as the formation of a very short-lived complex
between the photon and molecule which is commonly called the virtual state of
the molecule. The virtual state is not stable and the photon is re-emitted almost
immediately, as scattered light.[14]

Raman scattering occurs, which is an inelastic scattering process with a
transfer of energy between the molecule and scattered photon. If the molecule
gains energy from the photon during the scattering (excited to a higher vibra-
tional level) then the scattered photon loses its energy and its wavelength which
is called Raman scattering.[14]

The wavelength of the Raman scattered of the Raman scattered light will
depend on the wavelength of excitation ligth, this makes the Raman scattering
wavelength. The Raman scattered position is the inversion of Raman shift away
from the excitation wavelength.[14]
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2.4 UV-Vis-IR spectrophotometry
The wave-like nature of electromagnetic radiation is used in analytical tech-

nique to identify unknown substances and determine their optical charateris-
tics. When a material is irradiated with electromagnetic waves, phenomena
such as transmission, absorption, reflection, and scattering occur and the ob-
served spectrum shows the interaction of wavelengths with objects of a discrete
dimensions, such as atoms, molecules, and macromolecules.[15]

Figure 2.3: Absorption excitation of an electron [15]

Absorption occurs when the frequency of the incoming light is equal to the
energy difference between a molecule’s ground and excited states. The exci-
tation of an electron from the ground state to the excited state is an electronic
transition as shown in Fig.2.3.

The energy difference of each ground excited state pair corresponds to an ab-
sorption band. The relationship between the energy difference and wavelength
is described by the Planck equation.

∆E = h f =
hc
λ

(2.5)

where E is the energy required to promote an electron from the ground to ex-
cited state, h is Planck’s constant, c is the speed of light, and λ is the wave-
length. Planck’s equation demonstrates that the less energy needed to excite
the electrons, the longer the wavelength of the absorption band. The absorp-
tion bands are indicative of the molecular structure of the sample and will shift
in wavelength and intensity depending on the molecular interactions and envi-
ronmental conditions. These bands are typically broad and featureless due to
the numerous molecular vibrational levels associated with the electronic energy
levels.
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UV-Vis-IR spectroscopy can be divided into ultraviolet, visible, and infrared
regions of the spectrum depended on the wavelengths used. The ultraviolet
region is typically measured from 180 to 400 nm, the visible light is 400 to 800
nm, and the infrared is 700 to 1,000 nm. Near-infrared light ranges from 700 to
3,000 nm.

Beer-Lambert Law

UV-Vis-IR spectrophotometer measures the transmittance or the amount of
light transmitted through a sample by ratioing the intensity of the incident light
(I0) to the intensity of the transmitted light (I).[15]

Figure 2.4: Incident light (I0) passing through a sample that transmit
light (I) [15]

Absorbance measurements are used to quantify concentration of sample by
exploiting the Beer-Lambert Law that describes how light is attenuated based
on the materials it passes through. The transmittance, and therefore the ab-
sorbance, are directly proportional to concentration of sample, C, molar ab-
sorptivity, ε , and cuvette pathlength, l, Taking the logarithm on both sides and
transforming the formula,

− log(
I
I0
) = ε ·C (2.6)

The amount of light absorbed by the sample depends on the number of
molecules interacted with. The more concentrated a sample is, the more molecules
are present and the higher the absorbance. Likewise, the longer the pathlength
of the cell, the greater the distance that the light travels through the sample, in-
creasing the number of molecules interacted with and therefore the absorbance.
To compare the absorbances of two solutions with either different concentra-
tions or pathlengths, there needs to be a constant variable to normalize the
data on. Additionally, to determine a sample’s concentration by measuring ab-
sorbance, the cell pathlength and the strength of the electronic transition of the
chromophore must be known. This constant or the probability of the electronic

13



transition occurring is the molar absorptivity. Since molecules have different
electronic transitions of varying strengths, the molar absorptivity will vary de-
pending on the transition being probed and is therefore wavelength dependent.

Aside from transmission and absorption, UV-Vis-IR spectroscopy can also
measure the reflectance of a sample, or how effective a surface is in reflecting
the total amount of incident light.[15]

Reflection occurs when light strikes a surface of material and causes a change
in the direction of the light waves. There are two types of reflectance: specu-
lar and diffuse, where the sum of the two components is the total reflectance.
Specular reflectance is light reflected at same angle as the incident beam and
diffuse reflectance is light reflected off in many different directions, shown in
Fig.2.5.[15]

Figure 2.5: Specular (red) and diffuse (green) reflectance components
[15]

2.4.1 Instrumentation
UV-visible spectrophotometer consists of a light source, a wavelength dis-

persive element, sample, and detector.[15]
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Figure 2.6: Schematic of optical system in UV-Vis-IR
spectrophotometer [15]
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Chapter 3

Methodology and
Experiment

In this chapter we report on VO2(M) nanoparticle grown by combustion
method and spin coated with PMMA as adhesive. XRD confirmed the VO2
monoclinic phase before determining the effect of particle size with Raman
spectrometer.

3.1 Synthesis of VO2 nanoparticles
The following five steps are used for preparing the precursors, which is uti-

lized before spin coating. They are shown in Fig.3.1 and described in detail as
follows.

1. Firstly, mixture of 1.0 g of powder of ammonium metavanadate (NH4VO3)
and 37.5 ml of ethylene glycol in a beaker was heated to 70◦C for 30 min-
utes with 1,200 rpm magnetic stirring.

2. The transparent yellow solution was obtained after cooling at room tem-
perature.

3. Then 37.5 ml of ethanol was added to the solution and the mixture was
stirred for additional 30 minutes at room temperature.

4. The forming solution was poured in 285 ml-evaporating dish, then com-
busted directly with flame gun for 18 minutes in Fig.3.2(a).

5. After the combustion, the black-blue powder in the inner wall of evapo-
rating dish in Fig.3.2(b) was collected and divided to 2 packs : grinded
and non-grinded powder .
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Figure 3.1: The flow chart of the solution preparation

Figure 3.2: (a) Combusting the mixture in evaporating dish directly (b)
The black-blue powder before spin coating

17



3.2 Preparation of thermochromic films
This work studies 2 variables.

– Spin speed
– Particle density

1. Before spin coating, the glass slide substrate were pre-cleaned by spining
them with methanol and isoproparnol (IPA) each time, then dried on the
hot plate 90◦C for 1 minute.

2. The VO2 (M) powder was mixed with the transparent PMMA and stirred
for 5 minutes at room temperature.

3. the solution was dropped onto steady 1x1 inch2 glass substrate ensuring
that the surface was covered completely and then started spinning at the
different spin-coating speeds each time (2,000 rpm, 2,400 rpm and 3,300
rpm) for 20 seconds.

4. After spin coating, the substrates were post-baked at 90◦C for 1 minute,
then cooled down at room temperature.

We selected five VO2 thin film samples with various spin speeds and particle
densities (Table 3.1).

Table 3.1: List of samples in this work

Spin speed (rpm) Particle density (g/ml of PMMA)
Sample A 3,300 0.1/10
Sample B 2,400 0.1/10
Sample C 2,000 0.1/10
Sample D 2,000 0.1/5
Sample E 2,400 0.1/5

3.3 Phase confirmation by X-ray powder diffrac-
tion

XRD data of the black-blue powder was collected on the Bruker’s XRD
D-8 Discover Instrument with Cu-Kα (Fig.3.3)[16], Geology Laboratory, Chu-
lalongkorn University. Sample was measured at a scanning rate of 1.0◦/s−1.
The XRD pattern of VO2 powder were recorded in the range 10◦-80◦ using a
step size of the 0.02◦ and a counting time 1 second per step.
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Figure 3.3: Bruker’s XRD D-8 Discover Instrument [16]

3.4 Effect of particle size by Raman spectroscopy
To confirm VO2 monoclinic phase and to compare grinded vs. non-grinded

powder. Raman spectroscope (Fig.3.4), 532 nm laser was used with 1,800
lines/mm grating. Scanning region is 100-700 cm−1 with the acquisition time
of 60 seconds and 2 accumulations.

Figure 3.4: Modular Raman spectrometer [17]
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3.5 Optical properties by UV-Vis-IR spectropho-
tometer

These samples were chosen such that there are with the same particle density
or with substantially same spin speed. The spin speed given in Table 3.1 were
refered to the film thickness. So, the thickness of the VO2 films may affect its
optical properties.

To investigate the difference , we prepared VO2 using the Perkin-Elmer
spectrophotometer (Kit number B008-6703) in UV, visible light, Infrared over
the wavelength of 300 to 2,400 nm, Semiconductor Physics Research Labora-
tory (SPRL), Chulalongkorn University.

For transmittance measurement, the sample spectra are normalised to the
transmittance of transparent glass slide in UV, visible light, Infrared over the
wavelength of 300 to 2,400 nm.

We measured transmittance spectra only at room temperature because we
need to heat up the sample up to 90◦C with mini hotplate which not designed
for this sample holder. Therefore we will reported reflectance spectra at room
temperature for the semiconductor phase and 90◦C for the metallic phase.

Figure 3.5: Relative specular accessory

For reflectance measurement, the sample are normalized to the reflectance of
the mirror that put on the back of specular reflectance at 7.5◦ angle of incident
in UV, visible light, Infrared over the wavelength of 300 to 2,400 nm[18] as
shown in Fig.3.5.

Samples were placed at the back of specular. The sample heating was carried
out using mini hot plate as shown in Fig.3.6 with the thermocouple attached to
the thermometer (TENMA, model 72-7715) for calibrating the appropriated
current (I) to generate heat (at 90◦C).
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Figure 3.6: Mini hotplate with the thermocouple
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Chapter 4

Results and Discussion

4.1 Analysis of XRD pattern of obtained black-
blue powder

Monoclinic VO2 can be formed via a combustion process. The XRD pattern
of the black-blue powder in Fig.4.1(a). It can be found that the XRD pattern
of the participate matches well with the standard JCPDS card No.49-2497 in
Fig.4.1(b) corresponding VEG (Vanadyl glycolate).

No peaks of the other phase and impurities are observed which indicate the
pure VEG could be produced in the reaction as the following equation Eq.(4.1)

NH4VO3 +C2H6O2 −−→ N2 +VO(OCH2CH2O) (4.1)

XRD pattern are well in agreement with the standard JCPDS card (No.43-
1051) in Fig.4.1(c) corresponding to VO2(M). It means that after the black-blue
powder reaction is VO2(M) as equation Eq.(4.2)

VO(OCH2CH2O)+O2 −−→ H2O+CO2 +VO2 (4.2)

As is well known, the molecular structure is the a long chain.[19] Based on the
reaction process and result obtained, it can be found that during the combustion,
the chain-like VO2 is formed.
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Figure 4.1: a) XRD pattern of the black-blue powder b) XRD pattern
of the VEG. Reproduced with the permission copyright 2016, Nature c)
XRD pattern of monoclinic VO2 Reproduced with the permission copy-
right 2016, Nature

4.2 Effect of particle size by Raman spectroscopy
Commonly, the VO2 (M) in Fig.4.2 is assoiciated with 18 Raman active

vibrations. Raman modes have been found at 143, 192, 224, 261, 310, 340,
387, 499, 613 (with two shoulders at 590 and 665 cm−1), and 824 cm−1 (a very
weak line).[20]
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Figure 4.2: Raman scattering of monoclinic VO2 [21]

Fig.4.3 shows variety of Raman spectra obtained with Modular Raman spec-
trometers from the different size of particles, which are not matched to mono-
clinic VO2(M) in according with the previous report.

Figure 4.3: Compare the Raman spectrum between grinded powder and
non-grinded powder
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From the results, we can assume that particle size of black-blue powder does
not affect the Raman spectra or the other phase of vanadium oxide is existent.

Figure 4.4: Raman scattering spectrum of a microcrystalline V6O13 sam-
ple recorded at the room temperature [22]

The similarity between the Raman scattering of V6O13 (Fig.4.4) and Fig.4.3
lead to the apparent contradiction between XRD and Raman results, since the
monoclinic phase, observed in previous (Fig.4.1). Therefore, in our opinion the
VO2 (M) can be oxidized during stored in the air.

4.3 The optical properties of VO2 composited
films

4.3.1 Analysis of transmittance spectrum of VO2 based
films

The optical analysis results for each sample are shown in Fig.4.5. Transmit-
tance demonstrates the thermochromic properties of each sample measured at
room temperature between 300-2,400 nm wavelength.
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Figure 4.5: Transmittance spectrum from wavelength 300-2,400 nm at
the room temperature

The transmittance of sample A was 95% which difference is not significant
compared to sample B.

The others show a contrast change after reducing spin speed and increasing
particle density. Though, the VO2 film is thicker and denser, it exhibits lower
transmittance and it clearly shows that all these exhibit high transmittance at
room temperature following the typical semiconductor behavior, However it
cannot be measured because the limitation of the heating setup transmittance
spectrum at 90◦C for metallic phase.
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4.3.2 Analysis of reflectance spectrum of VO2 based films
Furthermore, this optical results can be defined by the reflectance. The op-

tical results exhibit the low reflectance of 300-2,400 nm wavelength at room
temperature and 90◦C of VO2 flim on glass substrate directly attached to mini
hotplate.

The reflectance of VO2 films show similar trend of the temperature inde-
pendent response as shown below (Table 4.1). In addition, the oscillation was
obtained from optical reflectance at room temperature and at 90◦C of each sam-
ple because of the glossy surface of Aluminium mini hot plate that cause the
additional reflectance at its surface hence create the interference and the oscil-
lation.

Table 4.1: The temperature of mini hot plate depends on applied current

Current (mA) Tsur f ace(◦C) Tinner(◦C)
934 63.3 63.0
972 65.5 65.1
998 68.0 67.6
1008 70.1 69.8
1074 77.3 76.8
1117 78.4 77.8
1126 79.1 78.5
1225 84.6 84.0
1233 85.7 85.1
1264 86.4 85.4
1277 89.2 88.6
1303 90.3 89.6
1369 95.0 94.3
1382 99.9 100.1
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The data plotted in Fig.4.6 below was obtained by measuring temperature
as a function of current. Over the range shown, temperature increase linearly
with the current.

Figure 4.6: The relationships between electric current (I) and tempera-
ture (◦C) of mini hotplate
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The next plot (Fig.4.7) shows a relation between the temperature on the sur-
face (Tsur f ace) and the inner (Tinner) of mini hotplate. Two temperature reading
of the thermometer will be taken to calibrate because the heated-up sample was
placed on the surface of mini hotplate, so we need to temperature inside the
mini hotplate for reference.

Figure 4.7: The relationships between Tsur f ace (◦C) and Tinner (◦C) of
mini hotplate

An average temperature of 90◦C of mini hotplate will required approxi-
mately 1.342 A of applied current.

29



Fig.4.8 (d) with highest particle density and spin speed (0.1g /5.0 ml of
PMMA, 2,000 rpm) of sample D shows a little change of spectrum in Infrared
region (700-1000 nm).

While using heat sink silicone to attach sample in Fig.4.6(f), the results of
sample D exhibit the different reflectance spectrum; The signal intensity for
sample without mounting base (blue line) is higher than with mounting base
(yellow line ) at the room temperature because the lower reflected position could
be eliminated any air gap and loss of light due to refraction.

In Fig.4.8(d) Aluminium hotplate amplified the signal, while using heat sink
silicone reduced the signal and signal to noise ratio (SNR) occured in Fig.4.8
(f). However, it solves the oscillation problem from the interference from alu-
minium surface
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(a) (b)

(c) (d)

(e) (f)

Figure 4.8: The reflectance spectra of sample (a)-(e) sample A-E and
(f) sample D with heat sink silicone attached to mini hot plate at room
temperature and 90◦C
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Chapter 5

Conclusions and Future
works

5.1 Conclusions
In summary, monoclinic vanadium dioxide nanoparticles that confirmed by

using XRD is successfully fabricated by combustion of precursor solution in
the evaporating dish. The solution NH4VO3, C2H6O2 and C2H5OH are inex-
pensive and the period of the preparation snd combustion is relatively short in
air without the extra inert gas protection. But, we did not find any obvious
features corresponding to VO2 (M) by using Raman spectrometer. Moreover,
the VO2 based films made from VO2 displays the excellent transmittance (up to
73% ) and reflectance (≈16%) which show semiconductor behavior. However,
the reflectance spectrum at 90◦C do not show the switching characteristic, dur-
ing the visible and infrared regions, respectively, except for sample D (0.1g/5
ml of PMMA, 2,000 rpm) that show little difference of reflectance (≈10%) at
90◦C. These results are quite encouraging, especially for the future plans.
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5.2 Future work

5.2.1 Analysis of SEM images for the obtained VO2

SEM images shall be taken to measure the size of the nanoparticles which
was considered the friable structure, combustion method are introduced into
this work to obtain VO2 nanoparticles with narrow size distribution.

5.2.2 Determine the other phases of vanadium oxide
In previous study, the XRD results of synthesized VO2(M) nanoparticles by

one-step pyrolysis with the same precursors at different time suggested that it
can be found that the VEG complex still exist after 30-min pyrolysis, while
diffraction peaks of the VEG complex gradually dissappear when the time pro-
long to 35 minutes. High crystallinity and relatively pure phase VO2(M) powder
is obtained after 60 minute. However, other phase of vanadium oxide (V2O5,
V6O13, V3O7) is also existent. It is not a result of surface oxidation, but rather
partial energy surplus.[23]

The pyrolysis of VEG is an exothermic reaction and heat generated under
the surface cannot dissipate at once. This leads to trace amounts of yellow
vanadium peroxide powder which are only observed at the bottom of pyrolysis
reactors. Part of V2O5 is also generated from the solvent–thermal process as
mentioned above.[23]

According to the discussion of the previous research and Raman peaks in
Fig.4.3 corresponding to Raman scattering of V6O13, it could be one of the
reasons that these samples does not exhibit the difference of reflectance in room
temperature and at 90◦C.

Another reason could be the particle density as seen result in Fig.4.8.
The following ideas lead to suggest future work:

1. Try to get rid of V6O13 by varying burnt time

2. Try to increase the particle density

3. Study phase change of VOx as function of stored time
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Appendices
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Appendix A

X-ray diffraction
databases

A.1 Database of VO2 (M)
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A.2 Database of V6O13
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A.3 Database of VEG
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Appendix B

Raman scattering of V6O13

Raman scattering in V6O13has been reported for V6O13(a) a single crystal[24]
and (b) microcrystallinepowder[24, 25] which demonstrate the same response
(Fig.4.2). For (c) and (d) are a magnetron sputtered film and a flash evaporated
film, respectively.
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