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Abstract

Thermochromic vanadiumioxide (VQ) is successfully deposited on microscope glass substrate
by chemical bath deposition meith for the first time usingpotassium hydroxideKQH),
TriethanolamingTEA) as complexing agents ailyvinylpyrrolidone(PVP K-30), as a surface
modifying agent. The common synthesis methods for thermochr®@g which are chemical
vapour deposition and physical vapour deposition, does not make this material commercialized
due to scalability and cost effectiveness problems.chieeical bath depositio(CBD) method
applied in this projectincludes,selection ad optimization of appropriate chemicals for the
synthesis by powder preparation using three triaén annealed in nitrogen gas at 310 Based

on the result found on threetrials theone, which shows better formatiofipure phase V&is
further usel for the thin film depositionDuring the thin film deposition process, the microscope
glass is pre coated witRolyvinylpyrrolidoneto assist the surface modification and selectively
attract VQ phases towards the substrate so that better adhesion with high pusthii@Iim is
formed Thethin film material are preparewith different conditions, by varyindeposition time

in such way that a 15 minute80 minutesand 80 minute deposited thiilm and annealed at 450

'C, 500 C and 570 Cin nitrogen gas Differential thermaravimetric(DTG). The Nananartial
produced showgshermochromidransition behaviorat averageof 69 °C based orDifferential
scanning calorimetry (DSGitudies UV-VIS spectrophotometamnalysis forl5 minutesand 30
minutesdeposited thin filnshows shielding of near infrared region (NNRavelengtt8.7 % and

5.5 % respectivelyBased on the XRD studies of the film two dominant pe&ks.@tegreeand
39.5degree are observed with (011) and (020) planes of:Vé&spectively. In addition to this,
crystallinity increases with annealing temperatasethe FWHMshows 0.00386ad and 0.00320

rad for 500 C and 570 C annealing temperature respective§canningelectron microscope
(SEM)analysis done for 30 minute deposited thin film shows increase in grain sizeemedse

in grain boundarywith increase in annealing temperature. Based on the results of analysis, thin
film material prepared usinghemical batideposition(CBD) have shown promising properties
for future application in smart window application to regulate indoor temperature without
applying external energy.

Key words: Vanadium dioxide Thermochromic Metal insulator transition, Critical transition
temperatee, Infrared radiationChemical batldeposition
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CHAPTER 1 INTRODUCTION

1.1 General introduction

Materials that exhibit changes in their optical properties due to some exEmalis are
call ed AChromogenico material s. The most comn
and electrochromic materials, where the stimuli are irradiation by light (photons), change in
temperature, and an applied electric field, respectivelys.Ta thermochromic material changes
properties upon reachi ngper achuareadct eTibi et mocc ha t
temperaturalependentchanges in the optical properties ofnaterial (VO2). Typically, the
thermochromic effect occurs over age of temperatures, which is observed as a gradual colour
change, i.e. continuous thermochromism. Discontinuous thermochromism involves a structural
phase change at a specific transition temperature. This phase change candreséicsinebrder
in natue, and may be reversible or irreversible, as governed by the thermodynamics of the system
[1]. Thermochromism offers potential for technological applications, for example, in
thermometers (fever indicators, gadgets, design applications, etc.), tempseatmes for safety,
laser marking, or warning signals. As well as inorganic oxides, many different compounds, for
instance, liquid crystals, conjugated oligomers, leuco dyes, are all commonly known to exhibit the
ability to reversibly change colour witkermperature. However, thermochromic dyes are usually
based on organic compounds, which show irreversible colour changes on heating.The world's
energy consumption is continuously increasing and this creates a heavy demand for renewable
energy sources to beedeloped. The emission of carbon dioxide and other pollutant gases are
posing a problem not only to the environmbat alsoto human health as well [2]. This coupled
with the increase of the general standard of living has shown an increase in demaangyof en

The current energgnvironment problem, and the challenges it imposes on society, is one
of the driving force behind many energy concerning researches and development. Beside to this
concentration of carbon di odastataly;itwas31bepmEaar t h 6
the end of the 1950s and now regularly exceeds ~400 ppm [3]. Furthermore, the rate of increase
has almost tripled during this time span. The increased amount 0fo8€ll fuel based energy
generation system , specificaliprestrained burning of coal, oil and gas which are believed to be

very influential for global warming and rising sea levels [4]



In addition tothat,population is growing rapidly and expected to be 50% larger by the year 2100
than itis today [5]. Thipopulation is increasingly agglomerated in urbantersand it is expected

that 70% of all people will be living in such areas by the year 2050 [6]c&hersbehave as

Aurban heat islandso and may r eaclessoféshosemr at ur
the surrounding countryside. Hence,>induted dAurb
climate change [7] for the majority of the wo

Due to the different in geological era between Anthropogenic and Holocene ijgerite prior
to the Industrial Revolution, known as the Holocene and the Anthropogenic is considered from
starting of industrial revolution [8].
It is evident that the global energy sector must be decarbonized, and this realization points sharply
to the inportance of improvingdpuildings, whichare said to be responsible for about 40% of the
worl doéos total annual ener gy cons tongditioninganddue t
heating of primary energy [9]. The impact of buildings is presentieasing in many parts of the
World, and their part of the energy use in the USA, for example, was 34% in 1980 and this number
increase to 41% in 2010 [10], and nothing indicates that this trend is changing. Another important
fact to consider in buildingsn developed counties peoples spend as much as®%oof their
time indoors [11].

There are many fAgr e e Nanotdaclmadyyatiribaes,ithatscgn beo f t e n
harnessed [12,13],and energiefficient glazingd.e., away which uses thinlfn coatings on
building glazing in order to limit the amount of solar radiation entering or blacktzmtigtion
leaving a buildingwhich are one of the most important options. Most of currently available
glazingdoes notconsider energy flows, which nesédates waste of energy to control in door
environment conditions.

One principle solution to this conundrum is to make the glazings small, but this is not
acceptable in practice since precious indobousdoors contact arghy lightingare then curtailed,
and both of these features are essential for humarbeglly and task performance [14]. However,
energy efficiency can be achieved with glazings permitting variable amounts of solar energy and
visible light to be transmitted. These glazings are oftenreded t o as dAintell i gen
are basedonstimuluse s ponsi ve fichromogenico materials |
The behavior of a thermochromic window is that, for temperatures below the transition, the

material has a low infraredftectance; consequently, the saladiation and associated heat will



reach the interior of the building, as it will not b eeted. FoT>Tc, the opposite is true, part of
the energy from the sun will befrected, due to the higher material's infrardtieatance. In this
way, the hetgain from the solar radiation will be high in winter and much lower in summer
reducing the need for cooling and heatiagpectively16].

For the thermochromic effectiveness in energy saving, the thermochromic material should
have some spdtt characteristics. The thermochromic coating should ideally be transparent in the
visible region, to allow all the light from the sun to reach the interior of the building. In this way,
there will no (or very little) reduction in the visibility, with no nesgy for additional arficial
lighting. Moreover, no sigficant change in the visibility should be associated with the phase
change [16].

The change of the optical properties in the infrared region, on the contrary, should be as
high as possible. With much higher reflectance for T > Tc, for instance, less solar energy will
reach the inside of the building; however, if the increase in the reflectance is lower, the process
will be less effective. The value of the transition temperature is also anofimatamt parameter;
indeed, for the material to be used on a glassy window as solar controller, the change in the optical
properties should take place for temperature values close to room temperature, ideally between 20
and 253 in order to maximize thertie the coating spends in the higher penature, reflective
state [16].A semiconductemetal transition temperature of 88is too high for this application
and must therefore be reduced. At present, there are two approaches to reduce the transition
tempeature, the substitution of part of the vanadium cat{arith concentration ofess than 2 at
%) in by other metals such as tungsten [17], molybdenum [18], or niobium2[]%r the
substitution of part of the oxygen anions by other elements e.g flj@inheBy applying those
techniques and others, researchers are trying create applicable thermochromic material in this era.
The present study conductedthis project creates a way to produce thermochromic thin film
materials to be produced easily andteeffectively by applying chemical bath deposition method

that will contribute for commercial application.



1.2Vanadium Dioxide (VO2)

VO2bel ongs to the <c¢cl ass of smart materi al
variations, electric or magnetiields and/or pressure variations and have capabilities of sensing,
actuating and switching, relying on an intrinsic property of the material. Modern buildings have
large windows and glass facade®rder to give desired indooreutdoors contact as wels good
daylighting. These glazings are often detrimental to the energy efficiency of the building and let
in or out too much energy. This rEeto becompensatedby indoor space cooling or heating,
depending on the season. In particular, the need fidingohas increased dramatically in recent
years. Chromogenic glazings based on thermochromism or electrochromism can regulate the
inflow of visible light and solar energy between widely separated limits and hemesegood
energy efficiency [2R Wheras electrochromic smart windows are beginning to appear on the
market, the thermochromic option has so far been little used in practical applications. However,
thermochromic smart windows have potential advantages in terms of simplicity of operation and
have been intensively researched in regears[23].

There are two types of thermochromic materials: inorganic and organic. The inorganic ones
are transition metal compounds, lmfitthose only vanadium dioxid&Q>) exhibits a switching
temperature in theicinity of room temperature [24rhe switching takes place in the near infrared
(NIR) and infrared wavelength regions from a low temperature transmitting state to a high
temperature reflecting state. There also exist a large number of organic pbhsakr
thermochromic materials [25In particular, the ligan@xchange systems may be promising for
niche applications. They switch mainly in the visible wavelength range from -gotovedium

absorbing state to a hightyosorbingstate as the temperature ireses.

1.21 Structure of vanadiumdioxide (VOz)

The atomic number of vanadium (V) is 23, and it is a transition metal. The electron
configuration of vanadium is [He]34iS’ so it has partially filled 8 and 4 subshells. Thermally
activatedmetatinsulata transitionin VO, is accompanied by a structural phase transition (SPT)
from a lowtemperature insulating phase to a kigmperature metallic phase. The phase that
exhibits metallic behavior above the transition temperature MIT has a tetragonal unit cell. Since
the struatire of the metallic phase resembles that of a rutile structure, the phase is known as R

phase. In R phase, the vanadium atoms form a-bediered tetragonal lattice and are sundad



by an oxygen octahedron [R@ he insulating phase, which exists belMAT temperature, has a
monoclinic unit cell, and it is known as M phase. Its unit cell is two times larger than that of the
metallic phase, and it is formed by the distordthe tetragonal structure [26,]2Th M1, all the
vanadium atoms both pair atiti with respect to the-axis of the tetragmal R phase, i.e. cBxis

[27]. Figure 11 presents the two different crystalline structures, the M@hase. On the left, the

low temperature phase presents a monoclinic lattice with a P21/c group, wiile nght, the

high temperature tetragonal structure presents a rutile P42/mmm structure. While not trivial, a
direct translation of the monoclinic cell onto the tetragonal cell is possible with the monoclinic cell

including 2 tetragonaledls along its cutile axes [2&

Monoclinic phase M1 letragonal phase

Figurel1.1: Structure diagram of thermochromic Y@rystal cells. The left panel shows the low
temperature insulator monoclinic cell while the right panel shows the high temperamgiuctive

tetragonal cell [2B

1.2.2 Band structureof vanadium dioxide (VO2)

In Mott-Hubbard picture, the unusual insulating behavior and the corresponding formation
of a band gap stems from the spliti&and as a consequermfestrong electroselectron [29. The
3d band structure for both the metallic ati@ insulating phases of \d@as been presented by
Goodenough, ahit is explained as follows [2.7

In the metallic phase, the 3d states of thgidh are first split into gand t4 states, and the

latter is further splitinto3ca nd t he 3 dhé tetragohahctystad field 6,B0.. T he 3d°

*



and 3d]| | orbitals overlap and are situated al
energy because it is more hydiried with the O 2p orbitals [26, BBecause Fermi leVaow lies

within the conduction band, the material exhibits metallic properties.

In the insulating phase, the monoclinic distortion causes changes in@heyldridization which
upshifts 3d"* band to even hi ghdedlevelanmdbecamngs so t
empty [26. Furthermore, the 3d|| band, which is aligned along thaxi® is split into a filled and

an empty statewe to pairing of the V atoms [ROBecause of these changes, an energy gap is

formed between the 3d|| valence bandan3d " * conduction band. The
insulating phase are recognized to be-bfpe, which are thermally activatétto the conduction

band [3]. The band structures for the insulating and metallic phases are schematically presented

in Figure 12, which has ben modified from he O 2p levels are situated well below the V 3d
states[28, 32.

Hot Rutile State Cold Monoclinic State

Figure: 12. Band structure of V&for the insulating and metallic phagd82].
The 3dband structure of VOhas been welinvestigated by Shin et alising spectroscopic
methods [3D They observed clear changes in the 3d band across theimsedator transition and
obtained some energy gap values. In accordance with the description given by Goodenough, Shin
et al . f oun ¢statehirear Bednii level &nthd medatlic phase and observed the rise of
the 3d’° * b abreMdintheinswdating phiase [BOhey thought that this band shift may
be the driving force of MIT and estineat the band gamtbe 0.7 eV [3D Furthermore, they
observed the splitting of the 3d|| band and estimated the es@itgiyng to be about 2.5 eV [RO
The splitting was explained to occur due to strong correlation between-glecthipns, and the

6



correlation energy (Uavas estimated toe about 2.1 eY28]. Using ultrafast electron microscopy,
Grinolds et al. have also observed the opening of a band gap caused by splitting of the 3d|| band in
the insulating phase, which ags in ultrashort time scale [B3

Originally, Goodenough proposed that MIT in Y&tems from the increasged overlap
due to distortion of the V§€octahedra and that the change in the symmetry of the structure would
split the 3l|| band [2& Hence, the reason for the opening of the band gap woutdthe electron
lattice interaction. In contrast, Zylbersztejn and Mott suggested that the strong etdettoon
interaction splits thed| band and generates the gap. They stated that pairing of the V atoms has
little effect on the gap and emphasizbé importance of the correlation eneidg [34]. They
approximated the energy gap tolhe- ¥2B1 whereB; is the width of the 8 * band [34. Later on,
Paquet & LerousHugon build up a band model for ¥@vhich started from the tigHiinding
approximation and included both Métubbard and Peierls mechanisms. They concluded that
electron correlations are the driving mechanism stabilizing the monoclinic distorted phase which,
in turn, is a consequea of ths primary mechanism [35
The importance of the band structure to MIT characteristics has been experimentally verified.
Ruzmetowet al. pointed out that thedd band has an important role in the appearance of MIT in
VO2 using Xray absorption spectrosopfXAS). They reported that there exists a clear correlation
between the increase of the spectral weight of thelnd and the strength of MIT. The changes
of the 31" band was attributed to it being overlapped with ttheb@nd which strengthens due t
electronelectron correlatiofi36].

1.2.3 Mechanismsf VO2 phase transition

Various phase transition mechanisms for ;Mid@ve been proposed in the past J[37
However, understanding the nature of the transition itself remains a challenge. GeneratlgnVvO
be classified to a Peierls insulator because of the strong dimerization and that fdui$ fphase is
nonmagnetic [3B However, VQ was proved to be pretty similar to a Mdtiubbard insulator
accordingto some experimental studies [3®revious sidies showed that the insulating state
results from the strong Coulombic repulsion between electrons, indicating that the électron
electron correlation plays an important role. Driven by the thermal excitation, electrons can cross
the potential barrier tthe metallicstateBas ed on Go o d e i, the tgtihgboEVivino d e |
atoms in the insulating monoclinic phase raises thebamtiling 3dp band above the Fermi level,
with the halffilled 3dy band. The debate on the mechanism behind mesalator trasmit (MIT)



is around whether theiW pairing and the unitell doubling causes the additional splitting of the
3di band. This is the point of Peierls transition. The opening of a correlation gap resulted from
carrier localization, which is the heaf Motti Hubbard mechanism [37
To find out the factors determine the transition, whether the transition is -istaiced,
photoninduced and/or electric filkkdduced, and develop methods to control the transition have
attracted signifiant interest. Recentiglies [41 42 showed that a metallic domalike state could
be observed in the monoclinic phase of () and the rutile phase is not essential to show the
metallic behavior. Zhu et al. reported that the band thetbry nodified BeckeJohnson exchaeg
potential was applied to understand structural, electronic, and magnetic features of MIT from the
rutile phase to the monoclinic phase of M@3]. To investigate the role of the structural
transformation in MIT, Xie et al. applied-pay absorption finstructure spectroscopy to monitor
the fine variations in atomic and electronic kinetics when MIT occurs. They pointed out that the
change of the closestiV atoms may contribute significantly to the evolution of the electronic
structure, of monoclinic stature[44].

The adjustments of the phase transition inoVi@ve also been carried out. Aetukuri et al.
found that the metainsulator transition can be controlled by modifying orbdetupancy32].
The transition temperature and the structural distortion across the transition depend on the orbital
occupancy in the metallic state. Wall et al. reported that ultrafast structural transitions can be
measured through opticgdirobes #5. They examined # photeinduced structural phase
transition in VQ and found that, above the phase transition threshold, photoexcitation completely
changed the lattice potential on an ultrafast timescale. Electrolyte gating with ionic liquids was
reported to be a powerftdol to suppress the metaisulator transition by the formation of electric
field-induced oxygen vacancy. The metallic phase can be stabilized to lower temperature. By
photcexciting the monoclinic semiconducting phase, an induced transition to a rletastdae
was observed, which retained the periodic lattice distortion characteristic of the semiconductor but
also acquired metal like miidfrared optical properties.
1.2.4 Optical Properties of VQ

Pure thermochromic VEthin films transit noticeably between the semiconductor and
metallic state at the transitiaffc) 68 C. At temperatwgs belowTc the material is transparent in
both the infrared and visible part of the spectrum, thus allowing solar radiation to pass through the

window maximizing the heating effect of sunlight and black body radiation within the building.

8



Hence there is high opticlthnsmission in the semiconducting state obWin films. At elevated
temperatures abovi the coating is transparent in the visible, more reflective in the infrared pa
of the spectrum (see figure3). This prevents the thermal part of solar radrafrom heating the
building interior. This also allows for the greatest use of natural light which is highly desirable as
internal lighting contributes towards the buildings gyarse and maintenance costs][4& the
transition temperature (68 °C) vainam (1V) dioxide is too high to be effective in maintaining a
comfortable temperature (1825 °C). The use of dopant has been shown to affect the transition
temperature. This may increase or decrease depending on factors saphrdasize and dopant
charge [47 as well as the changes in electron carrier density. Tungsten has been shown to be the
mosteffective dopant to lower thi: of vanadium (IV)dioxide with a 2 ®om% tungsten loading
reducingTc to around 25 °C in films prepared by physical vapepasition and sefel coating

[47].

a)

Transmittance (%)

™ x x .
400 600 800 1000
wWavelength (nm)

Figure 13 Opticalswitching mechanism of VQhin films betweenamiconductor and metal state
[48].

Fluorine has also been used to dope vanadiumdidide. Fluorine doping [49nto VO thin
films by radio frequency sputtering usually forms films of ¥/ resulting into improved
transmittance properties and lead to a decreasg iRlJorine doping has however been reported
to decrease the sharpness of thermochromic transition, @ditenéiducing their usefulness in

glazing.



1.3 Statement of the problem

Vanadiumdioxide have been produced with different synthesis method, but the methods applied
does notcommercializethis materialfor application purpose due to sophistication of the
preparation technique, whicheases difficulties in scalability and cost effectiven&hg common
synthesis method, which have been used for decades such as chemical vapour deposition method,
and physical vapour deposition method require expensive devpreduce very small thin film
coatings even for laboratory applications. Other processing technique, which uses solution
synthesis method such as-gel method also need another deVisech as spin coater) tmat

already producegowders. All this Imitation togetheaffectedthe application and development

of this technology.

1.4 Objectives of the Study

1.4.1 General Objective
In General the objective of this researshto prepare thin film using chemical bath

depositiormethod of synthesis and aturct the effect of optical parameteficheoptical efficiency
for shielding property of vanadium dioxide in NIR region of the wave length and transmittance
properties in the visible region of wave length withio different temperaturgabove and below
critical transitiontemperaturecondition of temperaturend characterize the properties associated
with it.
1.4.2 Specific Objectives
This work will specifically consider the parameters that could be controlled by using chemical
bah deposition (CBD) techniques and their effect ontine film products, wich are

V Optimizing the condition fochemical bath deposition methaginthesisof vanadium

dioxide, by testing applicable chemicals
V Optimizing the chemicals ancbndition of d@osition methodand creating better thin
films by CBD.
V Analyzing thermochromic property of the film including the critical transition

temperature with its relation to the optical properties.
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V Analyzingcrystallinity, phase present in th&lm, phase uniformity, average crystal size
properties, thickness, deposition time and annealing conditions, annealing temperature, in

such a way with its relation to efficiency of the thin films.
1.5Scope of the Study

This work will be conducted basemh the chemical bath deposition to prepare thin film and
characterize the product, the experimental work includes effects of parameters that control the
properties bcoating such as temperaturél,woncentration, heat treatment conditions, deposition
time and the characterization technique of coated substrate will be done using XROSUV
aborption spectroscope, DSC, DTG and SEMerefore the optical properties of the thin film

will be studied in different techniques.
1.6 Significance of the study

The significance oproposed project is as follows:
V Developing thermochromic material (¥Owith properties mentioned in the specific
objective is a global challenge.
V CBD is not explored for synthesis of thermochromic materialeM@is work contributes
application of CBD technique for thermochromic ()Y®@Im preparation.
V Contribute for understanding thin film barrier coating (IR shielding), photonic materials
and optical devices.
Thermochromic materials (V@ is not known for commercial application,ighwork will have

contribution towards commercialization due to the simplicity in production using CBD
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CHAPTER 2 LITERATURE REVIEW

2.1 Thin films Optical Coatings

Depasition process of thin film is referred optical cogiwhen thin layer materiatieposited on

optical materials, whichcan interact with light (optics). Optical coatings are applied for
antireflection purposes, as interference filters on solar panels, as plate glass infrared solar
reflectors, and for laser optics [49More complexoptical coatings exhibit high reflection over
some range of wavelengths, and amflection over another range, allowing the production of

dichroic thinfilm optical filters.

The choice of deposition method is governed based on the specific requiredtapplof the
films, taking into account requirements with regard to the deposition temperature and/or
compatibility of the solution chemistry with the substrate. At the start oflapgsitionsequence
standghe formulation of a precursor that can be posed of true solutions (e.g. dissolved metal
salts), metabrganic solutions (e.g. sol, gel) or nanoparticle dispersions.

For nanoparticle and sol gel based precursor solutions, spin and dip coatitige arest
prominently applied coating methods ane threparation of transparent and conductnetal
oxide (MO) layers has been demonstrated.

The methodsummarized in table 2.1 are often capable of producing films defined as thin films,
i.e. 1 um or less and films defined as thfdkns, i.e. 1 um or moreHowever, there are certain
techniques, which are only capable of producing thick filamg] these includscreerprinting,
glazing, electrophoretic deposition, flame spraying and painting.
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Table 2.1 Summarizd thin film deposition methods0]

PHYSICAL CHEMICAL
Sputtering Evaporation Gas Phase Liquid Phase
Glow discharge DC |[Vacuum EvaporatiofChemical vapour Chemical bath
sputtering Deposition deposition (CBD)
Triode sputtering Resistive heating [Laser Chemical vapour [Electrodeposition
Evaporation deposition
Getter sputtering Flash Evaporation [Photechemical vapour [Electro less
deposition deposition
Radio Frequency Electron beam Plasma enhanced vapolAnodisation Liquid
sputtering Evaporation deposition phase Epitaxy
Magnetronsputtering Sol gel Spin Coating
lon Beam sputtering Spraypyrolysis
technique (SPT)
Arc Ultrasonic (SPT)
R. F. Heating Polymer assisted
deposition (PAD)

2.2V0O; Coating Methods

The variation of synthetic conditions may affect the prodanotphology and structure,
which greatly influence the phase transition characteristics and functional properties. In the past,
a number of methods have been developed ta #0: films. VO, deposition processes can be
divided in two families: a) direct synthesis of ¥{@ thermochromic crystalline form, and b) the
indirect one that necessitates pisatment, vacuum annealing, or pogtdation to transform the
deposited film into VQ[28]. According to the reaction media involved, these methods can be

grouped into twanain categories: gasased deposition and solutibased deposition. Gdmsed
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deposition is a very popular method, which mainly consists of chemical vapor deposition (CVD)
and phyical vapor deposition (PVD) [38
2.2.1 Physical Vapor Deposition (PVD) Mé&od

PVD is one of important gasased technolggto fabricate thin films [5152. It usually
involvesfour steps: evaporation, transportation, reaction and deposition. Materials to be deposited,
known as targets, are usually sedithte metals, which ateombarded by a higanergy source

(such as a beam of electrons or ions) under reduced pressures. PVD method is more suitable for
synthesizing ultrathin films, due to requirements of low temperatures, envirofmeeandtiness,
compatibility to a wide rangef substrates, and convenience of develgpnultilayer thin films
[53].The common type of sputtering techniques are three: direct current, radio frequency (RF)
and magnetron sputtering methods.

From this a processes that demonstrate thesbalsbiity of thermochromic VQ@are based

on the magnetron sputtering (MS). This is a standard approach to obtairahigltoatings in the
glass and polymer industries, and therefore it is of interest to the thermochromiepasition.

Next chapter will offea more complete presentation of magnetron sputtering processes, and their
application to deposit VOMS is a plasmdased physical vapour deposition process. Plasma ions
are accelerated toward a solid target to volatilize it. The sputtered atoms coolensebstrate
in a line of sight manner. In comparison to diode sputtering, MS entraps the plasma within its
magnetic field, at the target vicinity, thus increasing the plasma density, sputsadngdeposition
rates. Magnetrons exist in different sheape( ci r cul ar , pl anar, cylindr
the intended applications. Cylindrical magnetrons of up to 4 m length are common for fabrication
of low-e coatings on glass.

Magnetron sputtering of vanadiuioxide has been used since the endhefli940s at laboratory
scale [54, and VQ since the end of the 70s [55 For The thermochromic performance
improvement of VQfilms, Batista et al. reported the deposition oféiped VQ by using pulsed
DC magnetron sputtering with a high purity metallic vanadium target in an oxygen/argon
atmosphereg6]. Oxygen and argon were introduced into the chamber separately through two gas
mass flow controllers. Pure \Ofilm deposited by using th method showed improved
thermochromic behavior as compared to the;Wi{in prepared by using the conventional DC
sputtering. VQ films were also grown on Sixoated float glass by reactive DC and pulsed DC
magnetron sputtering in avg@n oxygen/argon atosphere [5]¢
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Niklasson et al. applied reactive DC magnetron sputtering to deposiobkd and pure VO
were on glass and carbenbstrate$24]. The nanocomposite structure prepared display much
improved luminous transmittance and solar energy madalas compared to homogeneous;VO
thin films. This result is also enhanced by addition of antireflection (AR) propkamngset al.
deposited thermochromic W O>/WO3 sandwich structure by a reactive magnetron sputtering
technique[58]. With enhanced antireflection (AR) layer to enhance the luminous transmittance
(Twm) of VO.. Joushaghanet al used reactive radio frequency (RF) magnetron sputtering to
deposit VQ thin films to show geometrglependent scaling of curreimduced phasgansition in
VO_, which resulted in miniaturized threshold current for the phase transition ofi&@es, as
well as an increased separation between the two steps in thetiaimssgon[59]. Geery. Grow
thin films using a DC magnetron sputtering pisé show a correlation between the structural
properties of V@thin films and their ability to transition from an insulator tmatal 60]. Tadjer
et al. deposited amorphous vanadidioxide (VQ) films by atomic layer deposition (ALD). To
demonstratéhat the structural properties of YQvhich determine the resistivity profile and are
already sensitive to multiple factors such as doping and strain, must be carefully tuned in order to

obtain the desired electrical respoiH.

Crunteanu et al. prepedt VO by electrorbeam evaporation of a vanadium target on
different substrates (sapphire, oxidized silicon and fused silica) and showed substrate effect on
electrical and optical properties variations as the material undergoes ansetaior trangion
under thermal and electrical stimuli. Sapphire substrates are-on@mbed and present electrical

resistivity changes of up to five orders with sharp variations in the optieahcteristic§62].

High power impulse magnetron sputtering (HiPIMS)aisnowel sputtering method,
developedecently for the deposition of \\Ailms [63]. It is characterized by its high ionization
degree of the sputtered species, which allows the control the film microstructure through the ion
bombardment. This is helpfud tichieve a transmission modulation in the fiRaregion for films
deposited at lower substrate temperature of 80@ithout using a seed layer. Y@ims deposited
by using this method showed lower transition temperatures than the bulk material, Wwémgc

brought down to 50C for thicker films.
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In the early 1980s, PLD and reactive PLDRRD) was introduced, it uses a short pulse from high
energy excimer laser focused onto a metallic target. At sufficient laser fluence, an equilibrium
plasma is forrad at the interface, named plasma plume. Atoms from the target are vaporized and
diffuse toward the substrate holder to condense

The deposition rate of the PLD process is directly proportional to the repetition rate of the
laser, and a minimal changetbk laser plume is observed in reactive dgpm. An exhaustive
review [64, reports largescale production of PLD films with thickness uniformity of 7% over 150
mm substrates. This is largeale for a PLD process, but still laboratsiyed and unsuitefor
industrial applications toward Asmart windows
for a case study of V&either throud doping or substrate effect [28
The development in the sputtering technology, known as sst® process, is ambination
of the sputtering process and another process such asnmestling or oxidation. Xu et al.
reported a simple but novel sputtering oxidation coupling process to fabricate high quality VO
film. According to their method, V&iilms were first fibricated by using D@agnetron sputtering
process and then oxidized at a high temperature in air. The sample obtained exhibited a promising
phase transition near roaemperaturg¢65].

2.2.2 Chemical Vapour Deposition (CVD) method

CVD was used for thérst time to deposit V@in 1967 [6§. CVD is one of commonly
used to technique for depositing highality and highperformance thin films. Since then, this
method has been used extensivelyD methods are mainly based on the use of vanatiased
organometallic precursors such as VO (agdé6)] V(acacy, [68] VO(OCsH7)s, [69] and halides
such as VOG| [70] VCla. [76] CVD methods have been subdivided into metglanic chemical
vapor depsition (MOCVD)[71], atmospheric pressureanical vapodeposition (APCVD]70],
aerosol assisted emical vapor deposition (AACVOB8], and so on, depending on the variation
of fabrication conditions such as precursor compositions, humidifying methods and deposition
conditions.
This method offer a higher seilility and higher deposition rates. In CVD, precursor vapours are
fed into achamber:then either through heating, plasma or a combination of both, energy is
provided in order to dissociate the precursors. Once fragmented, the precursors become highly

reacting molecular or atomic radicals. Depending on the pressure and on the diffusion rate, radicals
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react in the gas phase to form powders or at thdrsidsurface to form a film [T2This chemical

based process allows the use of multiple chambers coafigns.

Precursors are molecules specifically formulated to be in vapour form and provide easy extraction
of the reaction byroduct. For metal, two precursor families are available, halides and
organometallics. Additional gas such asdf Ar may be inorporated to stabilize the deposition

and optimize halogen removal. Either in then@&8D or assisted with additional plasma energy,

the commonly used precursors are halides like vanadium oxychloride §/Q@hadium
tetrachloride (VQ), or organometaltis such as vanadylisopropoxide YO (OCzH7)3), vanadyl
tri-isobuxide YO (CsH90)3) and vanadium acetylacetonate-QyHsO2) [73]. Most of them

contain additional elements besides V and O such as C, H and CI. Such elements can remain in the
final film, partially degrading its TC performance. While CVD processes can be classified as direct
techniques, very frequently additional annealing under neutral atmosphere is needed to reduce the
most stable ¥Os phase to V@

G.Bodurovet al. deposited mixed W-O using APCVD technique using a new mixed
precursor based on W hexacarbonyl and Vanadyl acetylacetonate. Appling that a thin films of
single oxide of V@ films with well oriented crystals distributed in amorphdibe phase were
obtained[74]. R. Binions etal, used APCVD reactions of vanadyl acetylacetonate, tungsten
hexachloride and 2% oxygen to produce tungsten dopeddoped vanadium (I\Vlioxide films
on glass substrates, which showed #mhancemenf thermochromic properties due to
preferentiagrowthorientation ofcrystallitesalong (001)75]. M.J. Powell DepositedViulti-layer
films of VO./SiO,/TiO2 synthesised by APCVD which isspecialized Fluidised Bed Chemical
Vapour Deposition (FBCVD) for the projelat6]. Using the reaction of V&hrd ethyl acetate to
synthesizehigh quality VQ films. Which allowscontrolling thickness of the film and producing
improved visible light transmission to be achieved along with high solar modulation when
compared to single film V@analogues.

T.D Manninget al. applied APCVD of ¥MxO2 (M = Mo, Nb; X = 0.010.003) thin
films by using precursor reaction of VQCH-O and MC§[77]. The films showed reduction in
the thermochromic switching temperature, down to@7narrow temperature hysteresis lodp 4
6 C. L. Hongwei et al. a conventional CVD furnace for synthesis of M@owires through a
vaporsolid (VS) approach with MDs power as th@recursof78]. Based on that it found that the

phase transition temperature decreases with decreasing nanowire diameters, due to increasing
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surface defect density with decreasing nanowire diameter. Controlling the MIT due to size effect
could be taken as new approaclctontrol the critical temperature for desired purpose.

One of the Development of CVD is the elecfigld assisted chemical vapor deposition (EACVD)
method. Electric fields have been shown to affect crystallographic orientation, reduce particle size
anddecrease Jof VO: films. Effects of types (alternating current (AC) and direct current (DC))

and strength of electric fields as well as the deposition time have been systematically studied.

2.23 SolGel method

One of the most studied leeost processeseathe solgel methods. Here, XDs is put into
solution using various processes and stirred until adequate viscosity is obtained. Then the sol is
spincoated onto the substrate, dried to form the gel, and annealed to solidify the film. The
annealing steplso reduces V to its*4oxidation statelt has been extensively used to synthesize
VO: films, especially for films doped with other metals, because it allows fine control of chemical
compositions, even with small quantities. Thé gel process was firsised in 1983 by Greenberg
et al. to deposit Vefilms, with VO (OCzH7)3 as the vanadium source. In theig@l process, the
basic idea is to create an oxide network by a polymerization reaction of chemical precursors
dissolved in a liquidnedium[79]. Two main challenges accompanying -g@l methods are
dissolution of \éOs and the annealing steps2® can be efficiently dissolved from powder using
three processes. The first one uses an acidic solution@f & 30 volume% at controlled
temperature [8 this reaction is strongly exothermic. The second one uses organic solvents mix,
for example, isobutanol and benzyl alcohol at a medium temperature of 110 °C, above the flash
point of both solvents. Finally, molter®@at 800 AC ( mel t iChigpotraimp er a't
into water at room temperature and stirred utitd solution is homogeneous [8The high
reactivity of such methods is complex to implement in a strictly regulated academic laboratory,
but can be managed at an industrial scale. AnotherisMayemploy vanadium siloxanes, but in
this case a high concentration of contaminantisbeipresent in the final filnf28].
The next critical step is annealing. For example, in the previously presented methods of sol
preparation, the annealing temperatuanges from 440C to 750 C, which hampers the
deposition of V@ thin films onto polymer substrates or even low melting pgtass B0]. To
avoid highannealing temperature, one can choose to embed already crystalline nanopatrticles into
a matrix. Thematrix can then be chosen to offer a much lower solidification temperature,

especially if a polymeric matrix is used. Such a method is proposeddiyal who used chemical
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precipitation to generateadosized powders before embedding them jpodysiloxane matrix.
The reacting agents for \@owder precipitation were vanadyl sulphate hydiaé®SQu:H2O T

and ammonium bicarbonaitgNH4) HCGs. Afterwards, the powder was recrystallized at 800 °C
in a controlled atmosphere before milling to redtice particle sizes. The resulting specular
spectral transmission at room and high tempera@me can observe that an increased fraction of
VO: particles improves the transmittance modulatign} (2500 nm However, the visible
transmission is strongly deced above 4% of VA n thematrix [82].

An inorganic sdlg e | process was reported by Huangos
films and elemental cerium (Ce) and/or W doped:Vilns. The inorganic vanadium sol was
obtained by mixing water with molteranadiumpentoxideqV20s) powder p7]. By using this
precursor, VQ phase was obtained at relatively low annealing temperatures6@@0C). The
thermal stability of VQ films on muscovite (011) substrate prepared by the inorganigedol
method was investigated in detail by annealing films in air at different temperaturddmA@as
quite stable in air below 20, with steady phase transition properties.

Using Chemical processes for d@oating can provide large area coating, but present traditional

issues of wet organic chemistry: the abundant use of solvents, organometallics and halides such as
VOCIs. All vanadium precursors present significant toxicity aramiinability; therefore, good

control of the waste byproduct is needed. It is also to note that reactions using V precursors or even

the milling of V containing powders are strongly exothermic, increasing the explosion risk when
working with a large batch ohaterials. All those concerns may make implementation of chemical
processes complicated for the industry in fAgr
annealing in a SPatmosphere at T> 600 °C reduces th®3d/into VO,. This reaction is a by

product of catalytic reaction of SWith V>Os to produce sulfud acid [83.

Vanadium dioxide (V©Q thin films deposited on mica substrates with different annealing
temperatures by an organicisgél metha was applied by j.wu et &b showEffect of annealing
temperature on thermochromic properties. Vanadium dioxide thin films which is andé@alé&z]

460 C, 480 C, 500 C and 520 Cshows a transition temperature of ©2and the hysteresis loop
shown in the table 2[34].
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Table 2.2 Hysteresis width versus tlaanealing temperature [B4

Temperature C) 440 460 480 500 520 O

Hysteresis width C) 18 18 18 8 18 18

In recent years, a new vanadium precursor was prepared, which is by adding vanadium
oxyacetylacetone (VO (acaf)to methanol [8p VO: films with excellent thermochromic
properties were prepared by spincoating of this vanadium solutiolassfgllowed by annealing

at 440 600 C. After annealing at 44QC, the film had a Tc as low as 42@C. The value of Jcan

be reduced simply by selecting the annealing temperature that induced local nonstoichiometry.
The porous microstructure and puretatphase of V@ gave obtained films a synergetic optical
performance with a good visible transmittance and excellentimeared modulation abilities.

For a 59 nm thick V@film, the integral values of visible transmittancgi)Tfor the metallic and
semiconductive states were 54.1% and 49.1%, respectively, while the near infrared switching

efficiency was found as high as 50% at 2000 nm.

2.2.4Hydrothermal Method
One of commonly used techniques in recent years for deposition of thermochromic
vanadiumdioxide is hydrothermal processing technique, as it allows different nartos¢rand

nano scale morphologf thermochromic thin film materials.

Hydrothermal synthesis, involving watsoluble precursors at a low temperature, is cost effective
andsensitive to synthesis parameters such as time, temperature, pH, concentration, pressure, and
reducing agents, which are udafuobtain desired morphologynd explore new phases. Because

of these unique featurdsydrothermal method has been demonstraiduke a feasible method to
synthesize V@ nanostructures. The pH dependent phaiogy and pressurdependent phase

formation have been reported in the case of p@ymorphs [8&

Recently worked research on hydrothermal processing of &3 its focus orthe
formation of phas@ure VQ (M) with controllable morphology or fabrication of O
nanocomposites with enhanced thermochromic properties. Pollet et al. proposed an indirect way
to obtain VQ (M) by annealing V@ (B) under vacuum for 1 h. Phapare VQ (B) platelets can
be obtained by a rapid hydrothermal process, with a combination of low temperature and duration
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(180 C for 2 h or 220 C for 1 h)[87]. R.Chen et al. prepared Pure phasaWxO>(M/R)
nanorods with superb metiasulator transitiomproperties, which is obtained in tungsten {W)
doped level ranges from 0.5 to 2.0 at % using astee hydrothermal treatment without additional
annealing stepf88]. The result showscombined nanostructuring and atomic doping synthetic
strategy is a goodpproach to improve the thermochromic property for the-W&sed materials

for several technical applications.

VO nanobelts with metasemiconductor properties were prepared through low temperature
hydrothermal reaction and post annealing bXi&o et & applying this techniquene dimension

VO2 nanostructure is formed that shows ebarglthermochromic properti¢89].

In addition to this, hydrothermal method can also be successfully used to prepare VO
nanocomposites. Li et al. reported a Ji€eedassistant hydrothermal method to prepare
molybdenum (Mo}doped VQ (M)/TiO2 composite nanocrystals. Generally, a certain amount of
rutile TiO2 nanocrystals with average size of about 15 nm was added to the solution of appropriate
amount of oxalic ad, vanadium pentoxide and molybdicig The resultant solutiomeated in a
sealedautoclave at 220C for 2 days. It was found that excessive Mo doping could promote
formation of the VQ (M) phase, and rutile Ti©seed was beneficial to the morphologytol,

size reduction, and infrared modulation of idoped VQ (M) nanocrystalsqQ].

2.2.5 Summaries of VQ synthesis methods

The advantages and disadvantages of each synthetic technique for the depositionstdteolid
thermochromic thin films weresuccinctly mentioned when discussing each method. Here, a
summary and comparison of each procedure is presented. Tabkur@rBarizes the film
prepaation methodslt is noted that each method has advantages and disadvantages.
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Table 2.3 Summarizd Preparation methods of Y@ims [38]

Synthesis Methods

Advantages

limitations

V Expensive

PVD | PulsedDC MS HIPIMS pLD]Y Suitable for multlayer ,
thin films or ultrathin| equipment
Electron Beam Evaporatiq fjms V Lower growth rate
Atomic Layer DepositiorV Precise  control oV Reduced pressure o
OAD process vacuum
V Compatible to a wide
range of substrates
cVD APCVD V Easily integrated into |V Cpmplex equipmen
the floatglass V Difficult to achieve
EACVD production process controllable
AA/APCVD V No expensive vacuum stoichiometry
systems High purity
V High-performance thin
film
Soli gel \ Fea.sible for metal Vv Spegific precursors
doping required
VV Complete coverage of |V Not easy with very
the substrate large areas of glass
V Fine controlling of
chemical compositions
V Low cost
V' Even thickness
Hydrot - \V Unigue morphology an¢ V Ununiformed
ermal structure Control V Low purity

\/ Low temperature
V Cost effective

V Multiple steps
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2.3 Chemical bath deposition (CBD)

Thin films have different processing possibilities, among all the methods, the chemical
methods are found to deliver economical and easier processing challenges. Most of the chemical
methods are cost effective, but their full potential for obtaining dejiaéty films has not been
fully explored [91. In generaljt is difficult to find ideal method to prepare thin films, which will

satisfy all specified requirements.

One of the thin film deposition methodChemical Bath Deposition (CBD) is probabltmost
simplest method available for this purpose and it is also known as Chemical Solution Deposition
(CSD) or Chemical Deposition (CD). The only requirements of these methods are a wessel t
contain the aqueous solutiamd the substrate material to lmated. In addition téhis, various
complications such as some mechanism for stirring and a thermostated bath to maintain a specific
and constant temperature are options that may be useful.

Chemical Bath Deposition technique involves controlled precipitaitf a compound from
the solution on a suitable substrate. This technique offers many advantages over the more
established vapour phase routes to semiconducting thin films, such as CVD, MBE and spray
pyrolysis. The first CBD thin films were prepared irB48&nd this method was limited to® and
PbSe for a long time [92 After the deposition of CdS, a wide range of chalcogenide and
chalcopyrite materials have been prepared by this method. In CBD a wide range of substrates such
as ebonite, iron, steel, malain and brass were specifically used apart from glass. The films were
uniform, adherent and able to withstand considerable friction. Around 1980, the focus of CBD
films slowly turned towards solar energy applications. One of the earlier developmeatdstow
this method was in solar absorber coatings. Application in the field of solar contliagsoaas
suggested in 1989 [P2 The first general review on this topic was pufdid by Chopra et al. in
1982[93. Next reviav was published by Lokhande [P4Then a comprehensive and general

review was publiséd by Lincoln et al. in 199B5].
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2.3.1 Principles of CBD Method

The CBD technique can be used to control the film thickness and chemical composition
by differentparameters described in sectih.4 The ability of this method to coat large areas in
a reproducible and low cost process is the most attractive advantage. This method depends on the
deposition of thin films from aqueous solutions either by passing a current or by chemical reactions
under appropriate conditions. By the nature of their preparative conditions, these films are
generally not of high purity. With appropriate control of the deposition parameters definite
composition of thin films can be obtained. In CBD process, thin filrasdaposited on a solid
substrate when it is immersed into a dilute solutions of one or more metal séf)s §Mource of
chalcogenide, X (X=S, Se, Te) ion and a suitable complexing agent in an aqueous solution.

The deposition of the film occurs on thebstrate when the value of ionic product exceeds
the solubility product, otherwise it is precipitated ddBD can be carried out both acidic and
alkaline solutions, most of the CBD reactions have been carried out in alkaline solttmngetal
ions areusually complexed by a suitable complexing agent, which would then gradually release
metal ions during the course of reaction. The formation of reetalplex ion controls the rate
formation of solid metal hydroxides which leads to the formation of sbtid Thus, the metal ion
must be complexed in order to prevent precipitation of metal hydroxide. The strength of the
complexing agent should not be too weak or too strong in ordered to prevent bulk precipitation or
to deposition of the desired film. Thedi@principle of CBD is to control the chemical reaction so
as to effect the deposition dfin film by precipitation [9¢ The process depends on the slow
release of chalcogenide ion into an alkaline solution in which the free metal ion is buffered at a
low concentration. This concentration is controlled by the formation of metal complex species

given by the reaction.

//////////////

Where M represents the metal ion and A represents complexing agent.
In chemical bath deposition (CBD) method, deposition of metal chalcogenide semiconducting thin
films occurs due to substrate maintained in contact with dilute chemical bath containing metal and

chalcogenons([97].
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2.3.2 Solubility and ionic product basts
Sparingly soluble salt, AB, when placed in water, a saturated solution contaihaned/8

ions in contact with undissolved solid AB is obtained and an equilibrium is established between
the solid plase and ions in the solution [88]:

AB(S9 z A"+Béééééécéecééééeée2. 2
Applying the law of masaction,we get

K=[Ca*.Cg']/Crgé €é. . 66666666662, 3
WhereCa*, Cs' andCag are concentrations of AB' and AB in the solutioniespectively. The

concentration of pure solid is a constant number, i.e.

/////////////
//////////////

,,,,,,,,,,,,,,

KKi=Ca'xCps'é 6 6é6é6é. 666666662 .6

""""""""""

The constant<s, is called solubility product (SP) ar@a( OCg') is called the ionic product (IP).
When the solution is saturated, the ionic product is equal tedllability product. But when the
ionic product exceeds the solubility product, i.e.

IPISP=S>1€ éééeéeéecée. ecéeée2. 8
The solution is supersaturate8 £ degree of supersaturation), precipitation occurs and ions
combine on the substrate and in the solutiioform nuclei. Temperature, solvent and particle size
affect the solubility product. Fany formation of thin filmthere is some minimum number of
ions or molecules, which produce a static phase in contact with solution, called rj@8leus
Nucleation on the substrate of surface starts at local homogeneity. The rate at which nuclei forms
on the surface of the substrate, depends on the degree of supersatlitei@hemical bath
deposition involves two steps, nucleation and particle growth, anded basthe formationfa

solid phase from a solutid®9].
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2.3.3 Mechanism of Chemical Bath Deposition

In spite of the fact that CBD has been in use for a long time and that the reactions involved appear
to be quite simple, the growtinechanisms othe CBD process is often ambiguoU$ere are

several different mechanisms of CBD. These can be divided into four fundamentally different
types P2, 100.

x  The simple ion by ion mechanism
x  The simple cluster (hydroxide) mechanism
x  The complex decomdtionion - by - ion mechanism

x  The complexdecomposition cluster mechanism

Among the vaous chemical deposition methgdemical bath deposition has attracted a great
deal of attention because of its overriding advantages over the other conventional thin film
deposition methods.

The chemical bath deposition method for the preparation of thin films has recently been shown to
be an attractive technique because of its simplicity, convenience, low cost and low temperature,
and it has been successfully used for dépw ternary metal chalcogenide thin films.
Understanding of the chemistry and physics of the various process involved in a deposition
processes has now made possible to obtain undoped/doped, multicomponent semiconductor thin

films of usual/unusual andetastable structure.
2.3.4 Factors Influencing the Deposition Process
The formation of thin film by chemical bath deposition is influenced by the factors such as

x Bath temperature

x Nature and concentration of the precursors
x Nature and concentration of colaping agent
x  pH of the solution

x Deposition time

x Nature of the substrate
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I.  Bath Temperature

An important factor that influences the rate of reaction is the bath temperature. As temperature
increases, dissociation of the metal complex to release free metallic ions and hydrolysis of the
chalcogenide source increases. The kinetic energy of theu®bdso increases leading to greater
interaction between the ion3his resultin more increase or decrease in the film thickness
depending on the extent of super saturation of the solution. Studies by Srirevadamn the

effect of temperature on the structural and optical properties of PbS thin films, shows that the
crystallinity of films were improved when the temperature inaseased101].

II.  Nature and concentration of the precursors

Influences the composition tifie product. The growth kinetics also depends on the nature of the
precursors. For example, when metal sulphate is used to deposit the metal Selenide film, the rate
of deposition decreases and the thickness increases. Herefhe8Oobtained from thmetal

sulphate reduce the concentration of selenide[ibDd.

The deposition rate and terminal thickness initially increase with an increase in the ionic
concentration of precursors. However, at higher concentrations the precipitation becomes very fast
leading to decrease in film thickness.

Il Nature and concentration of complexing agent

The Nature of complexing agents may influence the final products. For example, when ammonia
is used as a complexing agent for the preparation of ZnS thin film, it is flaunesult in
Zn0O/Zn(OH) phase rather than ZnS. However when two complexants ammonia and hydrazine
are used, the oxide and hydroxide phases could be auvaigedl.

Generally in a reaction, metal ion concentration decreases with the increase of augniolexi
concentration. As a consequence, the rate of reaction and hence the precipitation are reduced
leading to a large terminal thickness of the film. Even more important, if the complexing agent to
metal ion ratio increases above a certain value, théhamnésm of deposition may changes

(commonly from a hydroxide cluster mechanism telyrion deposition]102].
IV.  pH of the solution

When the pH of the reaction bath increases, the metal complex usually becomes more stable

reducing the availability of free metal ions. This will decrease the reaction rate resulting in higher

27



thickness of the film. pH can cause complexing agents to henated; thus causing them to be

unable to bind to the metal center creating free excess metal[itddn
V.  Deposition time

Deposition time is one of the parameter which affects thin film deposition in CBD method. In most
casesjt has a great influencen structural, morphological angtical properties of thin films
showed lhe effect of Deposition time on tleeystal orientation of thin films as well as crystallite

size, strain and dislocation densities of Fbfs [104].

In general, the growth ajood quality thin films proceeds at a slower rate. The CBD method is
suitable for producing uniform thickness films intherange of 0@5 3 e m. The depen
thickness of the film on the duration of deposition has been studied in detail for differen

semiconductorfl05.
VI. Nature of substrates

Substrate plays an important role in the reaction kinetics and adhesion of the deposited films.
Hence, cleaning of the substrate surface is the first step in the thin film deposition. Higher
deposition rates ahthicknesses are observed for those substrates whose lattice parameters were
well matched with those of the depositedterial[38].

2.3.5 Advantages and disadvantages CBD

The major advantage of CBD is that it requires in its simplest form only sokgittainers and
substrate mounting devices. Chemical bath deposition yields stable, adherent, uniform and hard
films with good reproducibility by a relatively simple process. The growth of thin films strongly
depends on growth conditions, such as duratiaeposition, composition and temperature of the
solution, and topographical and chemical nature of the substrate the most advantageous properties
of CBD techniques are listdzelow[92].

X CBD technique is the simplest cost effective method for thindynthesis

X The possible to deposit multi compound chalcogenide thin films over a wide range of
stoichiometry with this technique

X Chemicals do not require high vacuum and it can be carried out even at room

temperature
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X Large area deposition is possible @yefully lying down the substrate on a shallow

tray containing the deposition bath

X Produces uniform well adherent and reproducible thin films for photovoltaic
applications

X An inexpensive method for large scale industrial applications

X The materiatonsumption is low and minimizes the loss

X The crystallite size of the CBD films is very small

The major drawback dhis technique is the nature of their preparative conditions, the films are
generally not of high purity due to the technique (chemezdtion) used could form small amount

of undesired products.Above all this wastage of solution after every deposition, because it is
impossible use chemical once used for coatidgaong the various methodshemical bath
deposition has attracted eegt deal of attention because of its overriding advantages over the other

conventional thin film depositiomethodqd92].
2.4 Gaps inthe Literature

Based on the limitations described synthesis methduse tare different requirements for
Selection of Dposition ProcessThere are no single techniques ideally suited for preparation of
large area thin filmsvith all the desired properties, each applied will have its own merit and
demerits Hence,choice and selection of deposition process plays a vital role in the formation of
good quality thin filmsthe choice of deposition methods of thin films depends on several factors

to avoidthe limiting factors described in section 2.2.5, commonly knawristed below47]:

x  The nature of the material to deposit.

x Nature of the substrate to be used.

x  The stoichiometry desired.

x  Film microstructure and deposition rate should be controlled.

x  Stoichiometry should be maintained as that of the starting materials.
x Adhesion of the film on the substrate.

x Cost effective of the technique.

x  Scaling up of the process.

x Control on film substrate interface and defects created in the film.
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The processing techniques mentioned for production of thermochromic vandidixide dos

not make the thermochromic materials to be used for commercial purpose as the processing
techniques are caopficated to apply and difficulto use fromeconomical point view. The
processing is expensive and device used for are costly, more than thssprgtechniques used

for thermochromic materials have difficulties sealability to the commerciald06,107. The
science of thermochromic materials applicationreal world is insignificantBased on the
requirements mentioned above the chemical begiosition techigue is used for this experiment.
Even if chemical bath deposition methbds been developed for decades with different thin film
deposition methodup to recent time there are no reported papers for vanatiaxide (VO)
synthesistechnique using chemical bath deposition. By applying the chemical bath deposition
processing techniques it beloved to solve most of the limitation occurring with other processing
techniques.

In general there is no ideal processing technique for spepplcations of thin films, instead the
processingdéds are selected based on their adval
on this, CBD technique fulfill most of the requirements required. There for the processing method
applied during thigroject s chemical bath depositionethod
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CHAPTER 3 MATERIALS AND METHODS

3.1 Material Selection

3.1.1 Anmonium metavanadate(NH4VO3)

NH4VOz is bought from Loba emie with 99 % purity of AR/ACS grade and molecular weight
of 116.98g/mol. Ammonium metavanadateused as a source ofnadium metalon, due to its
solubility in water at lower temperature, easily reduced frontipxidation state to ¥ oxidation

state However this compound should be used carefully for its hazardous effect during inhalation,

the effect would be seen long term.

3.1.2Potassium hydroxide (KOH)

KOH is boughtfrom Loba (hemie with 99 % purity of AR grade and have weight of
56.1056g/mol. The metal ions are usually complexed by a suitable complexing agent for this
purpose KOH is found better for its rate of formation of metal complex other than NaOH, which
would then gradually release metal ions during the course of reaction. The forwiatetal
complex ion controls the rate formation of solid metal hydroxides which leads to the formation of

solid film. So that by using KOH rate controlling mechanism is achieved.

3.1.3Hydrochloric acid (HCI)
Hydrodhloric acid is bought from Lobah@mie with 99.0 % purity and it molecular mass of
36.46g/mol. The HClacid haveits important inthis chemical reaction to control the pH of the

solution, as well as the formation mfecipitates.

3.1.4 Triethanolamine(TEA) (CsH1sNOs3)

TEA is bought from 8&mchun pure chemical cotd (99.0 % pure) and hav&01.19g/mol
molecular weight. This compound is giscousorganic compounthat is both a tertiargmineand

atriol. This compound is used most commonly in chemical bath deposition process as a
complexing agent due to its different properties, most importantly in this project it used to control

the rate of release of metal iprecursor, whiclis very imporant to form the required V{phases.
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3.2.4 Polyvinylpyrrolidone K - 30 (PVP) CsHoNO)n

PVP K-30 is from Junsei Remical co., td. It has been reported earlier that polyvinyl pyrrolidone

(PVP), a water soluble polymer, it has excellent wetting properties, most commonly used in

chemical bath deposition of Cdibie to its wetting properties, it readily forms a filRVP could

be generdy used inthin film formation due its attractive properties such as solubility in water,

physiological compatibility, notioxic, chemical inert, temperature resistance (I60melting

point), norionic and colorless polymer. Therefore PVFB®&is choseln this project in order to

assist formation oWO2 thin film on glass substrate and also have a properties of preventing

agglomeration. In addition to thiBVP have shown to assist formation df \éxidation state to

form VO, which is very important for this research purpoBee general look of the materials

selected for this research purpose as a package is shown in figure 3.1

T e ¥
. 3 i - -

[
m
@

5008
« TEZLEayrL K-30

Figure 3.1 Materials selected for the research purpose from left to right polyvinylpyrrolidene
30 (PVP),ammonium metavanadate, potassium hydroxi@H), hydrochloric acid (HCI) and
triethanolamindTEA)
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3.2.5 Substrate

The substrate used for this experiment is an ordinary microscope glass from star labs, which have
a size of 76.2mm 25.4mm 1.1 mm as it is shown in figure 3.2 d and it have transmittance (T

%) of ~80 % for visible range of wavelengtB901 700 nm). Bad on this coating process is

applied on.The figure 3.2 below shows the materials selected after they are unpackaged

Figure 3.2 a) PVP powder bdmmonium metavanadatg KOH powder d) glass substrate used
3.2 Thin Film Synthesis

3.2.1 Cleaning process
Before the start of chemical bath deposition synthesis, all the equipment to be used in the

experiment including the beaker, spatula, small containers undergo a cleaning process in such way
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that first hand wash with running water using detergengtmoreany dust and impurities. €h

it undergo ultrasonic cleaning steps at & in HCI solution for 20 minutes to remove some

remaining impurities, finally washed with water and rinsed with deionized water. More than this

special attention was given for sulagé cleaning steps first washed with detergent then using

solution of HCI, ethanol and acetone in usiaication for 30 minutes for each solution to remove

any possible impurities available including organic matersandprintsfinally it is washedvith

deionized (DI) water in the sonicator and rinsed by DI water. After completing cleaning prpcesses

all the samples were dried in oven at 100and made ready for applications.

3.2.2 Synthesis procedure

The syntlesis flow chart is given below tedcribe procedure included CBD.

Cleaning substrates and beakers

Sz

Setting up the CBD with bath and DI water for solution ona@neticstirrer

[ After dissolution a drop of HCI is added to facilitate formation g®y/

8.4

Once equilibrium 70C bath created thedH4VOsis added

~~

\

Stir well until dissolution is formed

J

~

~Z

-

\_

Precipitated

only applying
HCI

~

J

Figure 3.3 Flow chart showing the general procedafe&CBD.

~Z

(

\_

Precipitated
applyingk OH
& HCI

\

J

Y4

r

\_

Precipitated
applyingTEA,
KOH & HCI

~N

J

1. Before te formation of thin film, | have worked out three trial to get combination of elements

taking previously done CBD process on thin films such as PbS, CdS and others as base, to check
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for the process and compounds that should be used tioegieest pure phase of YO hethree

trials includes 1) using HCgnly 2) using KOH, HCI and 3) usingEA, KOH & HCI.

. Based on the result found in the three trial, the deposition process extended for thin film
deposition of VQi.e theonethatshows formation of better VW phase.

. To acheve this first of all CBD method formed in such a way that 0.05 M of 100N 4VO3
Solution (0.5853 g dNH4VO3 powder in 100 ml deionized wates)formed in watefilled bath

of 250 ml beaker. fie bath in this experiment is used to control the temperature of solution easily
and facilitate measuring the solutiemperaturaisingthermometer without directly inserting

the sensor in to solution (that could create impurities), to determine the aofquowder a
digital balance is used.

. The experimental set up of the b&lshown in figure 3.4, so that solution containing beaker is
inserted in a larger beaker filled with water (Hshcould be filled with other liquid badeon
requirementssuch as o)l The temperature of bath is se10 C, in which the dissolution of
NH4VO3 will be facilitated.

Figure 3.4 a) The experimental setup of the chemical bath deposition of ByThe yellow
colour appearance of the solution after addition of HCI

35



5. The 0.05 M concentration once formed, for the first tt3ill created precipitate using HCI in
drop wise, with each drop of 0.1 ml. with addition of the HCI the solution colure immediately
transform fromtransparent to yellow color as shown in figure 3.4.
N.B from different experiment trials for this projechave done | realized, precipitation in
vanadium compounds occur in acidic condition (in the basic condition no precipitate occurs) in
addition to this, the 0.05 M concentration is applied for different literatoreSBD and other
techniques [108, 1Q@nd Ifound it is optimumevel forthis experiment based on my trial.

6. The very bright yellow color in solution formed indicate¥ wxidation state, [11]dt is formed
by addition of only 0.1 ml HCI. By continuous addition of the HCI, the pH of the solution changes
from neutral 7 to around 3.5 at which the precipitate forms, pH of the solution is controlled using
pH indicative litmus paper shown in figu3.5 a. During each steps of reaction the solution is
well stirred until equilibrium formation in each steps, and temperature is maintained constant at
70 C.
N.B for this trial | preferred the powder form due to facilities available, to easily fgeht
phase formed using XRD.

7. Once the precipitate formed, rinsed with deionized water and extracted from the beaker as
shown in the figure 3.5 b & ¢, and dried at &) using the higher temperature could affect the
precipitate before it isharacterized as transition temperature of > ¥&around 6¢ 2. This

process is done frequently to get enough amount of powder samples for XRD characterization.

a

o 2

Figure 3.5 General aperance of a) the litmus paper b) and c) the general appearance after the
precipitatio on the beaker
8. For precipitate formation of trial)2ising KOH, HCJ is done in same procedure as previous, but

for this experiments once the dissolMH4VO3 formed, only a small drop 6f0.1 ml of HCI

36



is added (which facilitate XDs formation and preferable for subsequent reduction toward$, VO
after this KOH is added, the amount of KOH used for the 100 ml solution is 0.2 g in pellet form
as shown in theidure 3.2 ¢, with addition of KOH solution shows reduction process froim V
towards V#* then \2*. When blue black color is formed i.e indicative df Mor VO, formation
[111]. Once this color is shown then the solution pH is lowered using HCtaci®.5by drop
wise addition.
The precipitate formed and extracted with the same procedure for trial 1 above. (the amount of
KOH used is preferred according to the excepted chemical regugaicted,using higher
amount of KOH makes it uncontrollable bdsen their color of oxidation statdpuring each
steps of reaction the solution is well stirred until equilibrium formation and throughout the
process temperaturs maintained constardat 70 C which is measured using the digital
thermometer putting theensor in the bath

9. For precipitate formation of trial 3) usinfeA, KOH & HCI, is done in same procedure as
previously mentioned for trial 2, but in this case 0.8 ml TEA is added, addition of TEA shows
slow transition in color of the solution which indiea reduction process is slow and easy to
control. (the amount used according to different literatures on CBD involving TEA and
experimental expected reactiomosvn in reaction mechanism) [1]1@nce blue black color is
seenthen the solution pH isVeered using HCl acid to 3.5 by drop wise addition. The precipitate
formed and extracted with the same procedure for trial 1 mentioned &howeg each steps of
reaction the solution is well stirred until equilibrium formation and temperature is mauhtain
constant at 70C.

10. After the precipitate extracted for the three trial, it is annealed at&@6 shown in figure below
using inert gas furnace for 2 ind one powder sample of trial 3 at 5@0n ordinary air furnace.
This temperature selectdzhsed on the DTG analysis and literaturesnfaither thin film
materials [113B i.e at high temperature vanadiutioxidizes to its higher valance stateQyif
heat treated in air.

Based on the results found from XRD results, the third trial shows M&tdormation comparative

to the rest of trials the result is shown in figure 4.1. Accordingly the thin film is prepared by using

TEA, KOH & HCI chemicals. The chemical reaction which is expected as a mechanism for the

formation of VQ phase is describectlow[114,115.
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In addition to this, PVP is used as a surfactant, because the deposited thin film formed without using
PVP is not good enough, shows agglomeration and easily peeled off from the surface after coating.
As a solution to prevent this anteate better thin film, PVP is incorporated to create thin film which

is stable after deposition. Above all this PVP have properties of attractindescribed on the
discussion parts. Addition of PVP possibly can help formation of better thin filmsasilokd in

different literatire and helps its formation [116, 117

In this project | designed another technique that helps to attach as much as possible vanadium in its
V#* state, which is very important steps of ¥®@rmation nstead of other unwanted phase of

vanadium formed on the glassbstrate. Briefly described on the discussion part.

The mechanism | hawdesigneds that instead of formation of solution by addition of PVP, the glass
is covered with PVP solution before mgiit for vanadium coating sihat it will have selective
attraction forVO, phasestowards the glass substrate surface to be coated. The thin formation

mechanism is described in the steps below.

1. Thesolution of PVP is formed in 100 ml beakieyadditionof 1.5gram PVRK-30 powder
in 50 ml deionized water heated at @ Theamountof PVP for this design is considered
with literaturewhich used PVP in the solutiofitl6, 117]. The solution stirred very well
for a while until dispersed solutionfisrmed. i.e using cool water the dissolution and the
uniformity is affected.
N.B In this case, as PVP is only needed to cover the thin film, the amount used is above
the described extent on literatures. Higher concentration of PVP have also neffedive e
on the thin film
2. After formation of dispersed solutiotineclean glass substrate is inserted in to the solution
for 30 second, as PVP have sticky propert8fs second is enough to cover the glass
surface. After this PVP covered glass is dried imeen at 80C for 40minutes[117].
All of glass substrates used in this project for thin film preparation are pre coated with PVP.
3. The process used for thin film formation is trial 3 usiigA, KOH & HCI. The process
followed is the same as described above for trial 3, in this case just before formation of
precipitates the PVP coated glass is inserted in to the solution and the stirring is stopped,
to create uniform deposition. Four glasbstrates areserted together at time the general

setup is shown in figure 3&and figure 3.4 a
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Figure 3.6 a) The setup of the glass to coat 4 substrate at a time. B) Powdaesamntracted
from precipitate.

4. After the deposition process of vanadidmaxide, it is rinsed in deionized water and dried
at a temperature of 5C.

5. The deposition process was done at different time of coating at 15 minutes, 30 minutes and
80 minutes shown in figure 3.7. The thin fijrepared at 80 minutes is made thicker so
that it possible to characterize it as a thin film on XRD, it could not be used for

spectrophotometric measurement as it appears almost opaque.

Figure3.7 Showing thin film after deposition process a)rutes depositiob) 30
minutes deposition) 80 minutes deposition
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6. After this,thin films are annealed in different temperature of 450, 500 andG7dr 2 h
[129].

Figure 3.8 Showing thin films after annealing at 57Q for 2 ha)15 minute b)30 minetc) 80

minute deposition times.

3.2.3 Experimental Samples names
Samples prepared this experiment are named as presented below to be used for specification of
each samples. Thimenclature will beised fromthis point. Allof them are annealed for 2rh

inert gas furnace with nitrogen, except for X5 annelidiirfor 2 hto compare the effect.

Code  Description of code name

X1. Powder sample prepared using HCI chemical and annealed &.570
X2. Powder sample prepared using HCIl and KOH chemicals and annealedGt 570
X3. Powder sample prepared using HK®H and TEA and annealed at 570.

X4, Powder sample prepared using HODH andTEA before annealing

X5. Powder sample prepared using HKOH and TEA annealed at 57C in air.
1S1 15 minute deposited thin film using H®OH, TEA and PVP annealed 460 C
1S2 15 minute deposited thin film using H&QOH, TEA and PVP annealeat 500 C

1S3 15 minutdeposited thin film using HCKOH, TEA and PVP annealed at 570.
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251 30 minute deposited thin film using H&®OH, TEA and PVP annealed at 450
2S2 30 minute deposited thin film using H®OH, TEA and PVP annealed at 500
2S3 30 minute deposited thin film using H®OH, TEA and PVP annealed at 570.
3S1  80minute deposited thin film using HCKOH, TEA and PVP before annealing
3S2 80 minute deposited thin film using HCKOH, TEA and PVP annealed at 450.
3S3 80 minutedeposited thin film using HCKOH, TEA and PVP annealed at 500.
3S4 80 minutedeposited thin film using HCKOH, TEA and PVP annealed at 570.

3.2.4 Reaction Mechanism
Deposition of vanadiurdioxide thin film involves contilled release of vanadium ions from its

complex. The formation of V&involves the following step$114,115.

NH4VO3 + HCl- V205 + NH4Cl + H0 eeéeeéeeéeeée . 31
V205 + 6HCI- 2VOCkL + 3H0 eeeeééeeeéeééeee. 32

/////////

NH4VO3+ 8HCI - 2VOCI2 +2NH4ClI + Cl2+ 4H20 éeéeéeéeéeééeee 33

VOCl,+TEAZ VO (*FEQ) eeeéeeéeeéeeée 34

VO (TEA)?* 2 2'\HATEA eeeéééeeceeéééeeeé. 3.5
KOH+OH z K+ OH éeeeééeéeeceééeeceeé. 3.6
VO?" +20H Z VO (OH) éeééeéeeéeeceéeeéee. . 3.7
VOCl2+ KOHVOZAOH)2+KClI eéeééeéeéeececeeeée. .. 3.8

VO(OH)2z VO HO éeééeeéeeéeééecééeecéeeceéeed. 9
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3.3 Characterization techniques

3.3.1 XRD and morphology characterization

The characterization tecliue is used to show, the structure and phmssent in the prepared
materials especial to select the processing technique which will give better product &iiy3

done using (SHIMADZU, XRBE7000 XRAY DIFRACTOMETER)which uses 40 kV and 30
Ma. To dothis powder diffraction technique is used by preparing fine powders from all trials, the
samples tested as powder form first annealed atG@ nitrogen gas and air. The phases 0£VO
tested are confirmed with JCPDS files (JCPDS #@31) for VQ, to see the estence of the

required phase,ased on the results found on this technique then thin films are ptbduce

The thin films characterized in this technique are specially prepared for thepXRDsethat

deposited for 80 minutes, because the peak from 15 and 30 minutes deposited thin films was not
clear enough for characterization purpose. Thin film characterization is done by inserting perfectly

cut glass in sample placemen area, to characterize sam@es,get = Cu (& =1.540
40.0 (kV) current = 30.0 (mA) are applied.

Based on the results found from XRD peaks of thin films, the average crysiais{D) were
calculated from the full width at half maximum (FWHM) of the dittian for the dominate peaks
of using the Debbyecherrer formul§l11§).

Where the di mensi ons s hfaap e WHaM todr tkh=e0 .p%®4d4,k a n=1

of diffraction using the mentioned conditions the results are analyzed.

The morphology of thin film samples prepared from the experiment is analyzed using optical
microscope (HUVITZ HR300) with its maximum magnificiain of 1000 x.For observation of

general form of deposition ardrangements.

Thescanning electron microscof®@EM) device used for the analys$ the surface morphology
with a magnification of 30, 000 X3nd 10 KV is used@h which the effect ofemperature on the
microstructureof the film is studied, in such a way by comparing the image obtained from SEM,

to analyze grains, structures, particles and growth of microstructures.
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3.3.2 Thickness of the thin film calculation
The thickness of thifilm is calculated based the weight deference, this is done by finding the
weight of coated substrate. In suctvay, that substrate is measured before and after the coating

processTheequationis as giverbelow[119.

,,,,,,,,,

Where T, represents thickness of the filmrepresents the density of Y@ the bulk state which

is 4.57g/cm, m represents the weight difference of the substrate before and@dtarg, A

represents the area of coated substrate in this case. In this case it used as 2A, because the substrate
is coated in both sides. The area is found by measuring the coated portions of the substrate using

digital measuring equipment.

Based on this calculation, the thickness of the film is evaldateatie three deposition timevith

their difference irannealing temperature, the result givethe discussion part table 4.2
3.3.3 Optical properties

The optical properties were evaled by the UVVIS spectrometer at a wavelength range of-250
1100 nm. The device used for this analysis is (AZZQSM-1600 SPECTROPHOTOMETER).

The technique used to measure the transmittance value is by setting the wavelength number for
each wavelength dnsmittance value, so that for each measurement by selecting specific value
from 250 1100 nm, with increment of 25 nm, based on that the values aras@6Bnm, 275nm,
300nm, 325nm,te.

The figure is plotted connecting those points, to measure tEniitiance at higher temperature

(100 C), as device does nabntain heating unit, it is done by setting an oven beside the
spectrometer, so first the thin film is heated to I@0n an oven until the sample get uniform heat

for about 10 minutes, theaking out the sample from the oven and immediately measuring its
transmittance, during this the transmittance measurement for one wavelength value takes about
15 second, so that with in the 15 seconds the sample heat decrease from 11Ctsd@0athe
spectrometer will show its transmittance for the specified wavelength a€1@8d based on this

technique its transmittances are evaluated.
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3.3.4 Thermal analysis

The temperature properties of this samples are the important parameter requhiedrésearch

as properties of V&Is based on thermochromic transition behavior. This is done using two devices
the first device ugekis differential thermo gravinter (DTG) (SHIMADZU, DTG- 60H) using the
powder synthesized with trial 3, to analysis freperties prepared powder samples under heat
treatment set the condition and temperature of annealing to be used for the thin films produced.
This done using 15 mg of fine powder sample with heating rate®fii7 both condition under of
nitrogen and a&j in a range of 30600 C . Based on this results of exothermic and endothermic

peaks found the annealing condition is optimized.

The second device used for thermal applicatioDiferential scanning calorimetr§DSC), the

device used in this resear(PHIMADZU, DSC-60 PLUS). Based on the above analysis powder
samples prepared from trial 3 after annealing process in nitrogen gas are used for testing. This
testing is done from 28C- 100 C in nitrogen gas atmosphere with heating rate & o see th
thermochromic transition behavior of the prepared samples, based on this thermochromic behavior
is analyzed using endothermic peaks shown from the results, and this is taken as the transition

temperature of sample shown in the discussion part.
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CHAPTER 4 RESULTS AND DISCUSSION

4.1 XRD Diffraction analysis

The phasedentification conductedby using XRD results of each processed sample in this

experiment, so that the other thin films synthesis are produced using results found from the powder

analysis technique.

Tral (3) a5 depos i ™)) = Trial 3 post anneling 570 °C)
300 - ted
— Po 1400 =
a) =
=
= 1200
1000
Z w00 -
2 2 s
@ & 600 (S5
5 =
= — 400 -
200
o]
o -
-200 T T T T J
T T ! 10 20 30 40 50 60
10 20 20 a0 50 &0 2
2o 9
1200 -
(3
800 ) { d
1000 |
600
800 |
= >
= 2 600 -
& 400 o g
= 2
£ 4004
200 -
J 200 -
o4
0]
T T T T J T T T T )
10 20 30 40 50 60 10 20 30 40 50 60
2 teta 2 teta
=
[72]
2
L
=
T T T T J
10 20 30 40 50 60
2 teta

Figure 4.1 The XRD of a) trial 3 before annealing (X4) b) trial 3 after annealing at &7
N2 gas (X3) c) trial 3 after annealing at 51in air (X5) d) trial 1 after annealing at 50 in nd from
N2 (X1) e) trial 2 after annealing at 57G in N2 (X2). The units othe intensityare all in (a.u) tter
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Formation for VQ phase a shown irfigure4.1a, b. The dominat phases are due to ¥@hich
isindexed to (011) & d = 2rd (0BOAIndexed with d =  $196,157/42]. The other results

as trial 1 shows a do mwhch shows that 80s is radre dgnnat® ) a't
phase of the results, for trial 2 the result shows a combined existeng@saind \LOs phases as

indicated in figure 4.1 e.

In addition to the formation of better \é@hases using trial 3, the effect annealing condition of

the finalresults have significant effect as V element could oxidize very easily in high temperature.

The effect of annealing in normal environment is shown in figure 4.1 c, which shows that even if
the processing technique used is trial 3 (which formg)VBut the annealing condition have
almost completely destroyed the requiredffbase by creating differ undesired phases and
polymorphs of vanadium. Compering the results found in figure b and c, in which annealing in N

gas is very important steps for the M@hase formation.

The above result is taken as reference for the thin film processing technique to be done using trial

3. Because the method used in trial 3 observed to show better result comparative to the other.
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Figure 4.2 The XRD results ofow temperature monoclinic pha88 minute depositethin film
sampls a) 3S1beforeannealing p 3S2annealecat 450 C c¢) 3S3annealed at 500C d) 354
annealed at 57CC.

The XRD figure 4.2 shown above are prepared by increasing the deposition &onmitautes so
thicker film will befound which is easier to be analyzaddfor the thinner films (lower deposition
time) finding the XRD pick is challenging. €hXRD result found are in lindhe dominant
diffraction peaks could be indexed to the monoclinic crystalline YGPDS # 431051)[120].
The peaks observed are dominant enguglicating the high purityand high crystallinityof the
products. The higher V{purity is attributed to the PVP preptesited film which have a properties
attracting and interacting with®/ionsfrom its VO?* state selectivelyThis propertiesf selection
is more clearly seen when we compare the relaroiigure 4.1 which shows dominate phasés

VO2 with other less dominant phasesvahadium compound, but when we see the figure 4.2, it
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shows only the dominant phases/@.. This shows that the PVP used have direct contribution to
the formation of VQon the substrate selectivgi16, 117.

The effets of PVP on the stabilization of the precursor solution were due to interactions of the
negatively charged carbonyl groups in PVP with®/@urthermore, it has been reported that the
interactions between the metal ions and the carbonyl groups fronediff@yP molecules increase

the apparent viscosity, where metal ions act as dmgag points between dérent PVP

molecular chaingmproving the film formability.

~CH,-CH—

N

o e > CT/ ;—ﬁ —

HE—CH,

%\.\ / N 'u—c/ ‘\:(71 \,H;f”’ I

N cH,

Figure 4.3 Schematic illustration of the interactions betweer?V*) and PVP as well as the

film -forming mechanisni117].

The figure above shows a schematic illustration of the-fidrming mechanism. The interaction
among polymer moleculegia the oppositely charged groups, along with those between the
carbonyl groups ahthe metal ions, ensure the formatadrcrosslinked high quality In addition,

steric entangling of the polymer chains enhances the-tnbasg.

Based on the result confirmed from the XRD data, the mechanism employed to crebiepv®

coating the PVP wasffective technique, which gives the desired products expected.
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Table4.1: TheFWHM and average crystal size value of thin film sample calculated using Debye
scherrer approximation

Samples FWHM FWHM Average Average
crystal size| crystal size
(011) (020) of (011) of (020)
2d= 27. 2d= 39.
degree | radian degree | radian Angstrom Angstrom
(A) (A)
3S3 0.2175 | 0.003806| 0.2485 | 0.004348
391.8024 353.8408
354 0.1829 | 0.003200| 0.1547 | 0.002707
466 568.3413

All samplesare 80minute deposited with 3§beforeannealing), 3S2annealed at 450 °C imN
3S3(annealed at 500 °C inpNland 3S4 (annealed at 450 °C i) N

As itis known, the FWHM are inversely proportional to the degree of crystallite structure based
on table4.1 The calculated average crystal size is of the two planes show different, thssiits
attributedthedifference in the growth process, dughepreferentiabrientation of the planeith

the PVP and also the substrate used.

It isclearlyseen thaBS4 sample have shown high crystal quatitselativeto othes, the FWHM
value appears the smallest, this crystal quality increase for 3Sattributed due to it higher

annealing temperature(57Q) [121].

The degree ofcrygallinity decrease when the annealing temperatuoeedses, because those
sampleq3S2, B3) are not fully crystalized due to the range of annealing temperahe¢able

4.1 showsthat with increase in annealing temperature the average crystal sizecedsces.

In general the degree of the preferred crystallographic orientation in thin films is
greater when the annealing temperature is higher, due togatgmobility ofgrowth species.

The average grains size of the thin film increases when the annealing temperature is increased
[121,122. This trend is in line with the increase in average crystalline size with increase in

temperature
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4.2 Thermal analyss

4.2.1 Differential thermo gravimetry (DTG) analysis
Thermo gravimgic analysisof VO, powered prepared from trial 3 was carried out in order to see
the variation of properties in relation to temperature change, especial to clearly understand the

optimum temperature for ttennealing step@vherecrystallizationprocess began ~ 400 °C)
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Figure4.4: DTG results of a) using nitrogen g&3 without applying nitrogen gas in normal

environment conditio.
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In addition to this TGA thermal analysis give concrete data based on temperature change which is
expected to occur such dshydratiornprocess, deomposition of constituents amdystallization

related informabn can be found. The figure 4ghown presentswo differ TGA analysis in
different conditionFrom the curv@bovewe can clearly point out the weight loss associated with
heatirg at different stages of temperature in the range from room temperature @ 60@t mass

loss from room temperature to around 1@)whichis around 6 % of the weight, confirming the

loss of water from the surface. The preceding loss in weight areodemoval of water from the
lattice, whichranges from 100 to 20QC associated with 7.6 % weight loss. For the remaining
weight, losses are associated with the decomposition and removal of incompletely reacted
substances which remains in the preaigitsuch the TEA from the solutifiil6]. The DTA curve

from figure 4.4 shows that there is a crystallization process starting are@3@ C. the
crystallization peak is not very clear due to overlay of the exothermic crystallization peak and the

endothermic decomposition peaks cancel exlchr.

The analysis of DTG is also studied in nor environment (in air) as shown in figlipe
result shows nearly same curves up 280 with one analyzed in nitrogen gas due to the process
of dehydration occurring in both condition around this temperature, abov€280e curves are
distinguished due, the one which treated in air shows differetttthermic and exothermic peaks,
those peaks are expected results, because heating process vanadium compound in air will facilitate
the oxidation process consequently forming different phase and polymorphs of vanadium such
V205, V203,V305,Ve011 and dhers as it was shown in in XRD result figure this is associated with
an increase in the weight of sample as clearly indicatdigure 4.4b [121], starting from 450
“C. In additionto this compering the results of total wetdosses, 1.78 mg digure 4.4b and
2.21 mg on figure 4.4. this result shows that even if there is weight loss in both condition, but
heatingn air shows relatively smalléoss of weightwhichis compensated by addition of oxygen
from air[123].

This result found on DG analysis is used to optimize the annealing condition and temperature

for thin film sample heat treatment.
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4.2.2 Differential scanning calorimetry (DSC) analysis
Thermochromic materials shows reversible first order transition under temperaturatssimudh
case of VQ it transform from monoclinic structure to tetragonal structure ai®®&henheated

[110. Figure4.5showsthe thermochromic transition behavior of the samples.

-1.0 4

0.4 4 X7 Sample
’ X 6 Sample
] 1.1
-0.6 4
-1.2 4
-0.8
g ’;\ -1.3
E E
-1.0 4 =
(&) O
@ 8 -1.4 4
-1.2 a)
’ -1.5 4 b
-1.4 4 -1.6 4
-1.6 —r—7——7— 47 : : : ,
30 40 50 60 70 80 90 100 0 60 50 100
Temprature °C Temprature °c
-0.5 - X 3 Sample
-1.0 _\1
-1.5
204
z
S 254
[} .
o}
-3.0
-3.5 C)
-4.0 -
T T T T T T 1
30 40 50 60 70 80 90 100

Temprature °C

Figure 4.5 DSC result for three samples prepared a) annealed aC4bPannealed at 50,

c) annealed at 57(C.

Based on results, the thermochromic transition occurs at aro@dC, which is nearly the same

to literatures reported @ubject, whichs 68 C[124,11(. the shape of the figures get sharpening

with increasing in annealing temperature, based on the picks observed on XRD, the one which is
annealed at 570C shows higher crystalline structure and higher quality of thin films with better

thermochomic transitiof121]. The transition peaks in the DSC curve gét@rper when there is
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an increase in crystalline structure and purity of the caatbstratewhich is also associated with
decrease in grain boundaryotB of this behavior (increase in crystalline structure and decrease of
impurities) are observed with increase in annedaéngperatur¢l21]. The XRD figure above clear
indication of increase in crystalline structure with annealing temperature, the DG flso

shows that increase in annealing temperature more impurities are removed from the sample.

The total factor condition reavails better thermochromic materials are found at Brihealing
temperaturedue the higher crystalline structutiee first order transition behaviorfrom low
temperature monoclinic state to high temperature tetragonal state are obgtdryeifection

4.3 Thickness of the thin film

The average value of measured thin film thickness is as shown in table below. For3haridb,
80 minutes deposition time, the coating process is done in both side of the glass, this result

shows one side of ithickness To find the totathicknesghis result is multiplied by two.

Table4.2 Thin films average thickness vau

Deposition time (minutes)

Annealing 15 30 80
temperature
Before | After Before After Before After
(O)® annealing| annealing| annealing annealing annealing| annealing
(nm) (nm) (nm) (nm) (nm) (nm)
450 279.9 178.3 412.4 284.3 867.5 648.4
500 279.9 147.8 412.4 237.8 867.5 576.8
570 279.9 107.4 412.4 186.5 867.5 503.4

As the table 4.2learly shows, the thickness of the film have variation before and after annealing.
This data is calculated based on mass difference, with increasing in anneatipgrature,

thickness of the film shows decrease in average \adtlee table4.2 shows dlof the three time
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of deposition have negative slopAbove allthis, the thickness of the thin film ishownto be

directly proportional to the deposition timap to 80 minute deposition in this case

As it is expected the deposition time have cleariyeffect on the thicknegsofile as shown in
figure 4.6a, b and c. this is because when the timaegiosition increases, more ic® released

from the solution bath and deposited on the surfaselotratdased on the result foun@?.
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Figure 4.6 Thicknessprofile showing agunction of deposition timéor a) 450 C, B) 500 C, c)

570 C annealing temperature irplgas.

The larger amount of loss in mass during annealing is occurred because first the deposition process
is done inchemical deposition methpdvhich means there will be some loosely attached
precipitates and aqueous solution found on the films, in addition to this there was pre deposited

PVP surfactant on the substrate which decomposed during annealing are thedtado the
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decrease in mass consequently the thickpexfde [117]. This values are gives general profile of

the thickness value, but the exact value could have small variation from this one because, the
density used for calculation is the bulk dénsif VO, (4.57g/cni) and this value is expected to

have small variation with one which is coated precipitate. Based on this it is expected that the bulk
density of VQ will be higher than the coated material, the effect of variation will make the

measuredhickness value shown above to be slightly higher than the real value.
4.4 Optical properties

One of the important parameter for thin film materials are their optical properties,
thermochromic materials change their properties when heated above thit@traesperature,
which is around 68 C. Thin film materials prepared applingtrial 3. Thin films on his project
are charaterized using spegihotaneter at different tempratyge room temprature and at100
°C) which yelds the figure 4.&hown below.

Based onhe two representative figure 4a7& b tranamitance behavior of the thin film varies
accoriding to the change in wave lengeth range , and also the chenge in temptiaéucerdition

of the samplesThe maximum transmitance observee a4l % and 28 % for 1S3 and2
respectivly. The differencef the sample istheir deposition timeThe result on this experiment
showstransimance behavior of the thin film is inversly proportional to the depositiorfdmtiee

two deposition times @ and 30 minutes)The difference in transmitance occures, as the
deposition time is higher formation or accumlation of the preciptating substance occure, so that

higher accomlation of the subsce belieaved to block the transmited wavelenefgih
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Figure 4.7 Transmitance value of a) sample 1S3, 15 minute deposition and anneil&, 370

sample 2S3, 30 minute deposited and anneild 670

The change itemprature of the sample also showes to affect the transmitance behahietioin

films. From the figur 4.7, it is shown that when the temprature increases from room temprature

to 100 C, the transmitance of especialy in wave lengeth range of above the visibleTigat (

nm), transmitance strates to show differed@g)]. The sample which are found at high temprature,

their transmitance gradualy decrease when compared with the one measured at room temprature.
The behavior of transmitance variation in samples occurred due the thermochromic behavior of
the thin films, asve have seen in DSC curve of theaterials, thermochromic transition occures

at ~69 C.
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The transition properties are accompined with monclinc to tetragonal transition, in the monoclinc
state(at roomemprature) transmitace does sbbw apprecable decrese in wavelegeth region of
>790 nm, this occurred because the monoclinic state efdd@s noshow shidling effect, when

the temprature increase the monclinc state changes to tetragonal state (at high temprature), this
tetragonal wte of VQ have shialing effect for NIR and IR region of wave lenegeth, due to this

effect transmitance deacrese for tetragona state at higher wavelengH i&hge

Thechang i n opti cal withtemprasura charmeas a gtirqulagicarepoint of IR

and NIR skelding properties the one which showes higher difference in transmitance with the
change in temprate are required (that couldisld IR and NIR at high temprature and transmit

IR and NIR at low temprture). Based on this the thiimd prepared for this project showes
appricabl e change i n opti cal (whichashevmmiighern c e
transmitance for NIR regio@nd tetragoastatéwhich shows lower transmitance for NIR region)
based on the figure 4above, the ansmitance at 1100 nm shows 21 % for tetragonal state, 26.5
% in monoclinic state, and transmitance differebeéveen the two i$.5 at 1100 nm for 30
minutes deposited films, and for biinutes deposited films 36 % for tetragonal state, 39.7 % in
monclinic state, and transmitance difference of 3.7 at 1100 nm for 15 minutes deposited films.
From this two observed change in optical tranmifacehe wavelength of above visible regipn

the one with higher deposition time (30 minutspbserved, to sho better skelding properties

(the transmitance difference between monoclinic and tetragonal state is higher for the NIR
wavelength region)but at the same time when the depositime increases even if stdeig
properies increase, the transmitancegeneral is also degraded. In case of 15 minuts deposition
the transimitance obsevédgher, but change in sding effect relatily lower, so that for better
shielding properties and good transmitance during monoclinin state, should be manged for
application purpose of this materifld 7).

The litratures in this area have shown that the differnce in optical transmitace increaese with
increase in wavelengeth region above 1100 hh6], based on the figure above this tranmitance
difference is expeckto increase at higher wave lengeth region in such way that low temrature
monoclinc phase increase towards higher transmitance and high temprtaure tetragonal phase
transmitance decreasing to towardes lower transmitanteowdr all effect of higher sHiging

properties ralative to éholseved results on the figure 4.7
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4.5 Morphological analysis

The Optical image data analysis observevsidows uniform coatingswith comact
morphology of arrengement hddition to this, the changethe time ofdeposition does naeem
to show morophological change which tels that the dopsition time is not affectimgdfEhology

in this case

Thesurface morphology of the thin film is also studied w8EM in which the result is shawn

figure 4.8

g

100KV X30000 100nm 10.0kV 00 100nm

000  100nm

Figure 4.8 30 minutes deposited VO SEM image after annealing> (with 30, 000 x
magnification) a) annealeat 450 C, b) anneale@t500 C, c) annealedt 570 C.

Basedon the SEM image obtained thenorphologyof the film looks uiform with pore like
openingin between the particles thepacesare created due tihe PVP pre deopsited film, in
which during the annealing condition the polyemers decoposed from films. This can be clearly
seeen by lamass los during O’'G analysis is caused by polynparts decomposinfjom the

substrate

In addition to this morphologyof thin film shown clearly notify that,dr lower temprature
annealing grains are smaller and boundexi¢ke grains are not clearargh when the annealing
temprature increases the grains show an increment irmgckhat grain boundiesrs dhe thin

film can be seen clearlyrhis is due to the the grain growth occuring with incraese in annealing
temprature as it is also described in bgrage crystalin size calculation from the XRD peak. The
result found from the XRD peak is in limgth SEM result found shwing an increment in size.

the effect of larger particles size cands®en on the DSC curve of transition in such a way that
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smalle the averge crystalin size the wider temprature range of transition is obgdvoesd.all of

this in thermochromic materials the range of the traowstemprtaure is amportantvariable, for

future appliction of this materials very spacific transiti,emprature will be rquired this can be
achived through grain growth, which can be seen in DSC curve of X 3 sample with sharp transition

peak.
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CHAPTER 5 CONCLUSION AND RECOMMENDATION

5.1 Conclusion

In the present study of chemidadth depositioomethod isfound applicable fothermochromic

thin film VO2 fabrication forfuture development of smart window applicatievhich regulate
temperature without external energy applied. In gngect,the synthesized thin film materials
show thermochromic transition behavior-#9 C according to the DSC studyhichis nearly

the same to transition tgrarature reported befar&éhe UW-VIS measurement done at high and

low temperature shows that the thin film produced exhibit reflectiddlR wavelength regions

due to the tetragonal structure formed at high temperature and NIR transmitting behavior in its low

temperature condition due to formation of the monoclinic phases.

The thin films produced at different deposition time shows chamff@dkness. The annealing
temperaturalsoaffectedthickness of the flmThe results observed for this wehennest film of
107.4 nm for 15 minutes depositiat570 C annealingand maimum thickness for 648.4 for 80
minutes deposition process480 C annealing. Based on the resuhigkness difference have an
effect the optical transmittand®havior thathe larger deposition timehen it will have lower

transmittance value

The XRD studies of the thin film shows two dominant peaks at @g6ee and 39.5 degree
which are indexed to (011) and (020) planes ot Y&3pectively, the crystallinity increases with
annealing temperature as the FWHM shows, 0.00380 rad and 0.00320 rad f@,a5@D570C

annealing temperature respectively

In addtion to this thin films with thicker deposition for 2S3 sample (30 minutes deposition) shows
higher shielding effect for the NIR regions wavelengthjch is an important propertyr the
smart window applicatiorthe2S3and 1SIampls exhibit5.5% and3.7 % opticatransmittance

differenceat 1100nnrespectively

Themorphology study obseedshows uniform morphology of thirfilms for the VO, phases, due
to the systematic mechanism udsdapplying PVP surfactants on the surfabegore VQ thin

film coating
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In general by applying the chemical bath deposition technique, it is possible to create better thin
film materials with uniform phase of VWOmaterials and its accompanying thermochromic

properties for future commercializat of smartwindow application.

5.2 Recommendation

Based on the research done on this project | recommend the CBD prodessidoe very
intensively especially, which will have tremendous advantage towards creating smart windows
applicable for houses and buildingghout external energy appliellore than this | recommend

this research to be conducted in future to lower thasitian temperature towards room
temperature by doping elements suchNi*, Mo®*, W®* and T&", which could possible create
thermochromicransition to occur at Rome temperati#®. In addition tathis, the transmittance

to visible range of the light and shielding effect to IR region is inversely proportional, so that |

recommend for the optimization of this two variables to be dondunefuvorks.
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