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Abstract

Abstract of the thesis entitle “Study of 1D Photonic crystals with
thermochromic materials for energy efficient smart window applications”’

Advent of artificially designed periodic structures also known as ‘photonic crystals’ opened
up new avenues for smart window to reduce the energy consumptions in commercial buildings.
An efficient smart window can regulate solar flux by adjusting the transmission of light. Photonic
crystal structures due to their periodicity generates photonic band gaps (PBGs). PBGs regulates
the photons of specific wavelength. Realization of photonic crystal with thermochromic material

can accomplish ideal control over light transmission and reflection along heat regulation.

The main work of this thesis is focused on the fabrication and study of photonic crystals

hybridized with thermochromic material for energy saving smart windows.

Here we present 1-D photonic crystals tuned in infra-red wavelength region incorporated
with Vanadium Dioxide (VO2) nanostructures. Vanadium dioxide is a phase changing
thermochromic material. It is in infra - red transparent state below the phase transition temperature
and in infra-red reflective state above the transition temperature. The solar modulation is an
important parameter to evaluate the smart window thermochromic performance. VO, (M)
nanostructures with tuned crystallinities are obtained. Both moderately crystalline (MC) and
highly crystalline (HC) VO (M) nanostructures are characterized and phase transition temperature
is confirmed near to 68 °C. Thin films of MC and HC VO3 nanostructures shows similar solar
transmission modulation. For ease of synthesis MC — VO3 is employed with 1-D Photonic crystals.
By varying the periodic number of stacks, 1D photonic crystal (PC) can regulate the transmission
and reflection in controlled manner. By combining VO2 with ~ 100 % reflecting 1-D PC, we have
achieved near to perfect absorption in near IR region above the VO transition temperature. We
have then tailored the transition temperature of the VO (M) near to room temperature by suitably
doping with tungsten atoms. One step modified hydrothermal method is used to synthesized
tungsten (W) doped VO2 (M) nanostructures. Thin films of W - VO (M) incorporated on flexible
1D photonic crystals fabricated on PET substrate. Flexible 1D Photonic crystal provides the
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retrofitting of exiting windows and glass. This design can regulate solar heat flux near to room
temperature and incorporating W-VO> over high quality 1D photonic crystal, the transmission
vanishes with subsequent decrease in reflection. These hybrid structures proved a potential
candidate for perfect absorber in smart windows.

Finally, in chapter 3 we have studied the effect of dielectric Bragg reflector and metallic
cavity on carbon dots as well. carbon dots with different emission are obtained by solvo - thermal
method. The origin of light emissions is briefly described from various characterizations.
Significant enhancement in photoluminescence along with reduction in FWHM (full width half

maxima) is observed. This design can pave a new path for high quality color rendering devices.
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Chapter 1

Chapter 1
Introduction

1.1 Introduction and Background

The Primary goal of any contemporary energy schemes are sustainability and energy efficient
operations. With the advent of technology, energy consumption is substantially increasing [1,2]
all over the world. Combustion of fossil fuels produce vast amount of energy which is leading to
emission of 98% of the CO> footprints alone [3]. Climate crises is directly related with the huge
energy consumptions and these are both immediate and inevitable threat for the whole world [4].
Although governments have implemented several policies to limit the emission of CO> by taking
measures in several sectors. One of the major sector is environment sensitive building
constructions [5]. Recently, such building integrated energy saving schemes have attracted
considerable attentions [6, 7]. According to the 2018’s survey of energy consumptions,
commercial buildings [8] are the major consumers of the overall energy consumption as shown in
Figure 1.1, The significant portion of this energy consumptions comes from the air conditioners
as a lot of constant energy supplies are required for heating and cooling buildings interiors as well
as for artificial lightings. Moreover, significant energy loss happens through glass doors and
windows [9]. According to a survey, the estimated energy required for the ventilation of these
commercial buildings are approximately 30 to 40 % of the total energy consumptions [10]. This is
because glass windows and glass doors are ineffective to the ingress and egress of the excesses

solar light and heat.
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Figure 1.1 Schematic showing the percentage of energy consumers in a building [11].

Therefore, these losses of energy due to heating up through glass windows amounts to
approximately 50 % of the entire energy consumed in the buildings [11]. In addition, the passage
of infra-red light through glass windows are accountable for overheating the glass covered offices
with greenhouse like interiors, as well as automobiles. To maintain the interior temperatures,
artificial cooling and heating system with constant energy supplies are required. This increases the
emission of CO and contributes towards the global warming. According to the report [12], the
energy requirement for artificial cooling of the interiors will be 40 times more by the year of 2100.
Therefore, by controlling the optical reflection and transmission of infra-red light from solar light
spectrum through windows and doors can lead to notable reduction in such energy losses.
Theoretical calculations [13] shows that by controlling the in-flux of infra-red heat transfer, energy
used for artificial lighting and ventilation can be reduced nearly to 50 % upon implementing
improved window designs. There are various well known techniques [14] and designs that has
been implemented for energy saving windows such as reflective glazing, tinted glazing and low
emissive glazing etc. Manipulating the spectral response of light and controlling the infra-red heat
flux according to human’s need and will are being extensively explored for energy efficient
windows [15]. A practical design for employing an energy efficient window for human needs has
to consider various other aspects than just to reduce the usage of energy consumption. In case of
office room, windows have to be fairly translucent with good optical visibility. Windows should
also have fast response time to switch optical states. Moreover, it should be durable for the range
of external temperatures. The robustness towards the retrofitting is also very crucial factor for any
energy efficient window, fulfilling all these criteria in a design ultimately called a smart window

or smart glass. Therefore, smart window can be defined as a glazed unit of glass with a material
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coating over it which can dynamically changes the optical transmission and solar heat in-flux going
in and going out under the influence of some external stimuli [16]. There are many technologies
which are being utilized to design smart windows consisting chromic material technology [17],
liquid crystal technology [18] and devices based on suspended particles [19] etc. Windows based
on chromic material can be categorized as - dynamic and passive smart windows. Both have
different operating mechanisms and different glazing characteristics. In general, windows based
on active dynamical systems alter the optical transmissions and reflections under the influence of
external stimuli such as electrical biasing, mechanical strain and even by chemical changes [20].
Whereas, passively dynamic window system, change their optical properties in the response of
naturally occurring external stimuli, these windows do not require any external source of power to
operate. Windows based on passive smart glazing technology can be further categorized depending
on their response to external environments which include light, humidity and heat. These can be
categorized as photochromic [21], humidity - chromic and thermochromics [22]. Whereas there
are electrochromic [23] and gas chromic technologies [24] as well, but these are classified as
actively responsive window systems. All these technologies for smart glass installation for
windows and doors has its own pros and cons. Windows based on thermochromics technology
respond automatically to the external heat upon tinting the glass with material responsive to heat.
In this thesis, we will mainly focus on the importance of thermochromics based advanced design
for smart windows hybridized with photonic crystal structure. Windows based on electrochromic
technology has drawback of its high maintenance and requirement of usage of electricity which is
necessary [25] for its operations. Therefore, the usage of electrochromic type smart glass is still
not best choice. Windows tinted with thermochromics material surpasses many of these limitations
over the time. However, thermochromics material based smart windows has its own operational
constraints such as low visible light transmission and limited solar modulation [26]. Active
research is going in this area to overcome these limitations. This thesis not only emphasizes on
modifying the smart windows using a photonic crystal based structures but also paved a path to
modify thermochromics properties of tinted materials. Tinting the glass with a coatings of
thermochromics functional material can be one of the most efficient way to reduce the energy
consumption in buildings. Vanadium Dioxide is a typical thermochromics material used for smart
window applications as it undergoes infra-red transmitting insulating state to infra-red reflecting

metallic state around its phase transition temperature. This interesting property attains exclusive
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attention of researcher in past few years [27, 28]. This thesis also discusses the challenges in the
synthesis and fabrication of thin films of Vanadium Dioxide and Tungsten Doped Vanadium
Dioxide nanoparticles as well as the fabrication of Photonic crystal structures over flexible PET
substrates. Apart from these, challenges in employing VO thin films on top of a photonic crystal
structures to fabricate scalable and flexible robust devices for applications in smart windows is

also discussed.

1.2 Vanadium Dioxide as a Phase Changing Material

Vanadium Dioxide is a potential candidate in smart glass technology as it undergoes Metal to
insulator phase change under the influence of external heat [29]. There is a wide range of materials
which also respond to external heat and shows good response to transmission in visible region with
change in temperatures [30-33]. However, most of these materials undergo irreversible switching
action near infra-red region. On the other hand, Vanadium Dioxide (VO3) is one of the material
which respond reversibly to the applied heat, hence it exhibits a change in optical state i.e., it
undergoes from semiconducting state which is transparent to infra-red light to a metallic state
which is infra-red reflective around the temperature of 68°C and above [34-36]. Typical physical
methods used to synthesize VO are pulsed laser deposition [37], magnetron sputtering [38],
electron beam deposition [39] and atomic layer deposition [40]. There are various chemicals routes
to synthesize high quality VO2 nanoparticles, such as hydrothermal method [41], electrochemical
deposition [42], sol-gel method [43] and polymer assisted method [44]. As vanadium oxides occurs
in many oxidation states such as +5, +4, +3 and +2 [45,46] therefore, it is quite challenging to
obtain a single stable vanadium dioxide state. From Vanadium oxide phase diagram [47] it is quite
evident that even at least 20 stable phases such as VO2, V20s, V307, V40Og etc. can occur within a
very small change in the composition. Among all these oxide phases, pristine VO2 possess very
unique optical and electrical switching properties. This makes it a very promising candidate for
thermochromics based electrical switch applications [48]. The electrical conductivity of the VO.
can change up to five orders of magnitude when the transition from semiconductor to metal phase

occurs [49].
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1.3 Lattice and electronic structure of Vanadium Dioxide

The Metal to Insulator transition of VO, was first reported by Morin in 1959 [50]. This
transitional behavior leads to drastic change in its optical and electrical properties. The Pure VO-
exhibits two phases around the temperature of 340 K. Below the temperature of 340 K it remains
in monoclinic phase also known as M1 phase with semiconducting band gap, and above 340 K it
undergoes the metallic phase with lattice structure changes to rutile, also known as R phase [51 —
53]. As VO2 comes under the class of strongly correlated system, understanding the physics of
band structure of VO is still an open question among researchers. With the advent of new
technologies [54 — 56] and advanced computational approaches [57], researchers have putted many
efforts to understand the phase transition mechanism and tried to design new VO based devices
with improved performances [58]. There are many theories to explain this MIT (Metal to Insulator)
transition behavior. The classical band theory fails to explain the abnormal insulting behavior of
VVO> at room temperature. Thereafter, based on observations, two different mechanisms have been
proposed. Peierls transition mechanism or electron correlation mechanism is the most common
explanations of VO; transitional behavior. There are various experimental and theoretical studies
for a suitable description [59] for this phase transition. It was found that electron interactions are
connected with orbital occupancy and lattice structure which are the reasons for this peculiar
behavior of transition in VO.. Figure 1.2 demonstrating the lattice diagram explaining the possible
explanations to understand the MIT transition. Rutile being the most stable state of VO2 exhibits
metal like characteristics with tetragonal like lattice under space group of P42/mnm as shown in
figurel.2 (a).
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Figure 1.2 (a) and (b) Showing the lattice structure of VO in rutile (conductive) and monoclinic
(semiconducting) phase along with their lattice parameter, (c) and (d) showing their respective band
diagram (above figure is adapted from ref [60])

This is a very symmetric structure which forms an octahedron unit where V#* ions sits in corner
and body center positions and each vanadium atom neighbored by O? atoms. In rutile structure all
vanadium ions are chained up linearly, with adjacent V-V bond has spacing of ~ 2.85 A° along the
c-axis. All the vanadium atoms in the linear chain formed by V-V bond has equal share of d-orbital
electrons. Subsequently, it leads to the metallic phase which results in higher conductivity of
electron with resistivity as low of the order of 10® Qm [61]. Figure 1.2 (b) showing the
semiconducting phase reaches with temperature less than 340 K. The lattice structure belongs to
the space group of P2i/c, here two vanadium atoms undergoes the dimerization along the
monoclinic a-axis. This creates a chain of zigzag vanadium atoms with two alternate different
distance i.e. shorter and longer length of V-V bonds with spacing of 3.19 A° and 2.60 A°
respectively. Two different distances of vanadium atoms or dimerization that doubles up the unit
cell along the axis and this leads to the distortion which lowered the structural symmetry and hence
electrons present in d-orbitals localize. This gives the monoclinic VO structure its insulting state
having the resistance near to the order of 0.1Qm [62]. Goodenough [63] had also proposed band
and molecular structure of VO.. As the electronic structure of V and O atom goes as [Ar]4s?3d®

and 1s22s?2p* respectively. Vanadium occupy V** state and fill the 2p Oxygen shells and others
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electrons go into the 3d lower shells. According to crystal field theory 3d shell go into octahedral
splitting of eq which is twofold high energy level and tog which a threefold low energy level. Due
to strong crystal field e form ds and tyg further splits into 3d.and 3d;,. With increase in temperature,
rutile phase hybridized with vanadium 3d. and oxygen 2p; strongly than nonbonding orbital of
Vanadium 3d; and oxygen 2p.. In rutile phase, the band energy is around 2.5 eV and there is
overlap between 3d; and 3d, with the fermi level near to this overlap therefore makes the phase
conductive in nature as clearly shown in Figure 1.2 (c). With temperature below 340 K when the
lattice is in monoclinic phase (My). This is shown in Figure 1.2 (d) due to the dimerization along
the rutile c-axis leads to distortion which causes the 3d// band to split into additional bonding and
antibonding states. The overlapping between 3d: and 2p, increases which causes antibonding 3dx
to lift upward above the fermi level. The splitting of 3d; band into d; bonding and d; antibonding
reduces the 3d. antibonding and 3dy bonding band gap to 0.7eV, which finally gives monoclinic
it’s insulting character. VO2 Metal to Insulator (MIT) transition band energy mechanism can be
explained with many experimental results and theoretical calculations which many other factor
can contradict the above explanation [64]. This MIT transition in general depends on many factors
which makes understanding this mechanism in general more complex. Overall the correlation
between electrons in VO, distortion in lattice and Peierls instability are the factors which makes
this mechanism more complex. These arguments give interpretation of MIT transition of VO-
which is a decade long debate such as splitting of 3dy, band is influenced by dimerization of V-V
bond which double the unit cell which leads to lattice deformation similar to Perierl mechanism
[65] to explain this MIT transition which explain the correlation between electron-lattice with
electron of 3d; band [66] or upon combining both theories [67]. Therefore, the phase transition of
VO, and its mechanism depends upon various external factors as well such as VO2 morphology
and stoichiometry etc. which makes the actual transition quite complex to articulate within a simple

situation.

This MIT Phase and temperature can be perturbed by external doping. We can increase and
decrease this transition temperature with the substitution of suitable dopant. On substituting dopant
with the valance state higher than +4 the transition temperature of VO2 will decrease [68]
substantially. Tungsten being most suitable dopant to substitute for Vanadium atom in VO to
lower the transition temperature near to room temperature. The best reported value of transition

temperature reduction is up to 27K/at. % of doping [69]. This potential of modulation of desired
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temperature which leads to the considerable change in optical and electrical properties in IR region
makes VO, a promising candidate for smart window applications. In chapter 4 we will discuss the
effect of Tungsten doping on Vanadium Dioxide which incorporated with flexible 1D Photonic

crystal which proved to be an efficient method for energy saving smart windows.

1.4 Tungsten Doped Vanadium Dioxide

Doping tungsten into vanadium dioxide intentionally can alter its electrical and optical
properties by modifying the metal - Insulator transition temperature. So far at least 60 elements
either experimentally or theoretically have been explored as intentional dopants for vanadium
dioxide. Doping element is chosen based on following criteria. Firstly, that dopant is chosen which
can increase the concentration of carriers and can also alter the electrical phase transition.
Secondly, that dopant should induce distortions in atomic lattice structure of VO2, which can lead
to the change in structural phase itself. When a doping element is introduced into VO, it acts either
as a donor or as an acceptor. Accordingly, it drives either electron or holes into the VO lattice
[70]. There are various experimental techniques which were utilized to study the phase diagram of
tungsten doped vanadium Dioxide such as Tang et.al [71] based on X-ray scattering and absorption
method elaborates on reduction of transition temperature. This is because injected tungsten atoms
in vanadium dioxide leaves their electrons in vanadium valance band 3d, which breaks the V** -
V#* bonds in monoclinic M; phase. This leads to distortion of Monoclinic phase M and hence
reduced the MIT transition temperature. There are various spectroscopy results such femtosecond
spectroscopy [72], ultraviolet-infrared spectroscopy [73] and theoretical calculations has been
done to explain the effect of tungsten doping on this metal to insulator transition. Booth et al.
observed that tungsten atoms breaks the Peierls V-V bond due to enlargement of crystal axes which
leads to reduction in transition temperature of VO2 [74]. To have a clearer picture, we need to
understand the MIT transition for a large range of dopants concentrations. Therefore, there are two
main aspects on which we should focus on while using tungsten as a dopant in vanadium dioxide.
Firstly, why introducing a very small amount of tungsten atoms in vanadium dioxide would lead
to such drastic change in VO lattice structure and secondly, what is the physical mechanism

involved while MIT transition once tungsten is introduced. To understand role of tungsten in the
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local structure around VO lattice, X-ray absorption fine structure spectroscopy is studied [75].
This shows that with the dilute concentrations of tungsten, there is some enhancement in symmetry
in lattice structure in the Rutile phase. It also leads to expansion of lattice volume. Density
functional theory calculations reveals that even at low concentrations, tungsten dopant can drive a
large change in VO lattice and subsequently to its atomic and electronic structures. Insertion of
tungsten atoms within large volume in VO lattice, however, leads to the local lattice distortion.
Higher valance state tungsten ions aggregate the electrons on the vanadium sites which suppress
the doubling lattice and distort the insulting VO2 monoclinic Phase. Which is the main reason of

temperature reduction of MIT transition even with a dilute concentration of tungsten atoms.

1.5 Photonic crystal based smart windows

As already discussed in the above section, there are concerns regarding the effect of energy
consumption where a substantial usage of energy goes towards maintaining the building
environment. Therefore, energy consumed in heating and cooling of buildings from the infrared
heating, which is 50% from the overall sun energy, causes significantly towards global warming
[76]. For a comfortable room environment, controlling heat as well adjusting room brightness is
equally important [77]. For energy saving consumptions in buildings, heat shielding from the infra-
red light and attaining good transparency are few of the challenges. There are various approaches
to reduce the heat, one of the approach is to use a metal layers over the glass windows or doors,
infra-red absorption is significant with metal based material layer coating. due to metallic coating
over glass, it loses its visibility which makes these design less suitable for practical purpose. [78].
Therefore, blocking infra-red radiation and controlling the transmission or reflection wavelength
would be promising approach for smart windows applications for energy consumption reduction.
To serve the above purpose, we use photonic crystals as a new class of material substrate which
can be utilized to control the optical spectra of solar energy being allowed to transmit and reflect.
This has opened new directions for smart glasses. Photonic crystal materials are found in nature
and can also be artificially fabricated in labs. Therefore, it is an active topic of extensive research

be it for fundamental studies or for applied applications.
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1. 6 Introduction to Photonic crystals

Photonic crystal was first analyzed in 1976 by Amnon Yariv, Pochi Yeh and C.S. Hong
[79-80]. These are also known as photonic band gap crystals formed by periodicity in dielectric
material which can manipulate the light by creating a photonic band structure similar to electronic
band structure in crystalline solids. In semiconductors, due to the periodic arrangement of atoms
in lattice results in formation of periodic potential which creates an electronic band gap, the region
where motion of electrons is prohibited. In a similar way, in photonic crystal a photonic band gap
is created which block the light of certain wavelength inside the photonic crystal i.e. photons
having certain energies are forbidden within these structures. In other words, if a light of certain
polarization has the similar frequency as that of the photonic crystal, it will reflect it with 100%
efficiency. Similar to the electronic system, the periodicity of the photonic crystal can be broken
by introducing a defect. Introduction of defect results in formation of new eigen states with eigen
energy corresponds to the band gap of the defect. Photon with wavelength similar to defect
frequency were allowed to propagate inside the structure. This sort of structures was beneficial to
study fundamental physics of optical micro-cavites. Based on the fabrication and geometry of
Photonic crystals (PCs), they are classified into one- dimensional (1D), two- dimensional (2D) and
three-dimensional (3D) with periodic modulation of refractive index in 1, 2 or 3 dimension as

shown in Figure 1.3.

Figure 1.3 Schematic of Photonic crystals in one, two and three dimensions (Figure is adapted from ref

[82])
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In this thesis we have mainly worked with 1D Photonic crystals. However, 2D Photonic crystals

were usually fabricated using optical and/or e-beam lithography.

1.6.1 One Dimensional Photonic crystal (1D —PhC)

1-D Photonic crystal are the structures with periodic modulation in one direction [79].
Acrtificial periodicity of 1D PC can be fabricated by creating the periodic modulation of refractive
indices in one direction. In general, one chooses the direction along the light propagation. The
other two directions remain homogenous for light propagation [81]. In nature, there are several
examples of naturally occurring 1-D photonic crystal for e.g. Neon tetra a tropical fish, the scales
of fish consist of many periodic 1-D reflecting platelets which changes the color of fish from blue
to deep violet. Optical properties of 1D Photonic crystal structures can be simulated using transfer
matrix method. To fabricate the 1D Photonic crystal, researchers have employed various
techniques such as Bottom-up approach and top-bottom approach. The bottom-up techniques
generally compromise the self-assemblies of structures in a periodic way. Copolymer based
photonic crystal is an example of 1D Photonic type crystal where system reaches the ordered
structure on its own when it attains lowest energy state. 3-D synthetic opal system is also an
example of self-assembled 1D Photonic crystal system. Fabrication of multilayer structures
periodically by alternate deposition of thin films are also included in bottom-up approach. This
sort of fabrication includes the alternate spin coating of polymers, dip-coating etc. But in case of
polymer based photonic crystal, contrast between refractive indices are small therefore, a large no
of alternate periodic layers having different refractive indices are required. Top-down technique is
also used to fabricate Photonic crystals. This is mainly used in optical components and display
applications. Top-down approaches includes holographic photo-polymerization [82] which is a
soft lithography based technique used to fabricate polymer based 1-D photonic nanostructures.
This approach offers a quick and simple route to fabricate photonic crystal structures. Another top-
down technique used to fabricate photonic crystal structure is layer-multiplying coextrusion [83].
This method is used to fabricate 1-D photonic crystal by depositing hundreds of layers of two
polymers alternately. For commercial purposes, mostly vacuum based physical vapor systems are
used. Sputtering is also another common fabrication technique to fabricate large area uniform 1D

Photonic crystals [84]. In Figure 1.4 (a), 1D photonic crystal slab formed by depositing high and
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low refractive index layers alternatively in ordered manner. The characteristics of the dielectric
slab are depending on the contrast of refractive indices, thickness of layers and number of layers
to fabricate the whole dielectric structure. As shown in Figure 1.4 (b), light incident normally on
the surface and get reflected and the amount of light reflected from the two interfaces of the

dielectric is measured by the Fresnel formula, which is given as,
2
R= ()

where n; and n; are the high and low refractive indicies of the alternate layers. It is quite evident
from the above equation higher refractive index leads to high value of reflectivity from the
interfaces and a few number of layers are required to achieve higher reflectivity. In genral, the
optical thickness of each layer is set to be (A/4n) which is quarter of reflecting wavelength, this
way we can achieve the maximum reflectivity by nomrally incidenting the light on the multilayer
stack. This type of 1D Photonic crystal known as quarter wave stack. In this thesis, all these 1D
Photonic crystal fabrictaed are quarter wave stacks with thichkenss of each layer to be one fouth
the reflecting wavelength. This is a well known constrctution method and is used in many devices
including Fabry-Perot filters and distributed feedback laser. From figure 1.4 (b) explain physical
picture of the working of highly reflective dielectric stack. To form a photonic band, the light
which is reflected from each dielectric surface is the multiple of 2= to interfere constructively and
the light which reflected while going from low to high refractive index interface experince the
phase shift of m. Light experience no phase shift while going from high to low refractive index

interface. From the skecth it is clear that light experince phase shift of © while going from air to

interface ny.
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Figure 1.4 (a) Showing the schematic of working mechanism of 1D Photonic crystal, (b) showing the band
diagram in 1D uniform media and (c) showing the band diagram in media with alternate periodicity [85].

Second reflection also go through phase shift of @ due to the round trip of light from the
first interface, the other subsequent reflection from the dielectric stack are also 2w out of phase to
interfere constructively, therefore it makes the quarter wave stacks highly reflecting in nature.
Figure 1.4 (b) and (c) are illustrating the physical origin of Photonic band gap. As explained
already photonic crystal are the optical analogy of the electronic band gaps in solid structures.
Depending on the lattice periodicity, the photonic band gap can be formed in all direction, this can
result in 3D Photonic crystals. Photonic crystal research field is like marriage between
electromagnetism and solid state physics, to understand the concepts of photonic band gap one
should have a good grasp in fundamentals of both fields, Photonic band gaps in 1D Photonic crystal
can be formed by solving the Maxwell equation. This formulation can be found in reference [85]
which assumes the periodicity in dielectric constant. Based on Bloch theorem, the solution of the
Maxwell equation gives the Eigen values in terms of o and k. This also gives the photonic band
gaps for complex values of k where there are no propagating solutions. Figure 1.4 (b) is showing
the solution of 1D system with constant dielectric constant €, on perturbing € with some periodicity
the solution of Maxwell equation is given as Figure 1.4 (c). This leads to the formation of the
optical band gap. larger is the dielectric contrast of alternating layer, boarder is the stop band of
the photonic crystal. 1D photonic crystal also exhibit important properties such as surface states
which induce localized modes. These form the basis of photonic crystal based waveguides and

photonic crystal based cavities as well.
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1.6.2 Two Dimensional Photonic crystal (2D-PhC)

Figure 1.5 Schematic diagram of 2D Photonic crystal with periodic symmetry along x and y axis.

2D PhC are formed when periodic modulation of refractive indices is along two spatial directions
and leaving the third direction homogenous. Therefore, periodic modulation in 2D PhC occur in a
plane. Typical examples of 2D photonic crystals are holes drilled periodically in a slab.
Periodically etched rods in square lattice are shown in Figure 1.5. This type of photonic crystal
creates photonic band in a plane, inside the band gap frequency no other energy state with those
frequency is allowed. The major difference from the multilayer stack is that it prohibits or reflect
the light which incident normally to the surface, whereas two-dimensional photonic crystal can
block or reflect the incident light from any direction of the periodic plane. 2D photonic crystal
creates band in a plane. The band structure is calculated for modes into two polarization say TE
and TM mode. To form the photonic bands, symmetry in crystal lattice is required. As the system
is homogenous in say z direction, the restriction on k, the wave vector will be lifted. The system
will possess periodicity in Xx-y plane the permittivity € will have translation symmetry with
component in both x and y direction. Upon applying the Bloch theorem, the allowed values of k
for both TE and TM modes for 2D Photonic crystal can be calculated. Finite Difference Time
Domain (FDTD) is frequently used method to calculate the dispersion relation for TE and TM
polarized light. 2D photonic crystal based cavities can also formed by inducing some defect in the
periodicity. 2D Photonic crystal cavity due to high quality factor have various application in
photonic crystal based laser and in waveguides
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1.6.3 Three Dimensional Photonic crystal (3D PhC)

Bottom up Top Down
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Figure 1.6 (a) showing the inverse opal 3D Photonic crystal Fabricated with bottom up approach and (b)
Showing the 3D woodpile Photonic crystal structure fabricated with top down approach ( Figure is adapted
from Ref [85])

3D photonic crystal is also known as ultimate photonic crystal. They have periodicity of
refractive indices in all three x, y and z directions. Various examples of 3D Photonic crystal
occurring in nature are opal and inverted opal structures. To form a 3D Photonic crystal self-
assembly of mono dispersed particles leads to the formation of opal and inverted opal structure.
Opal structures can be fabricated by forming spheres over the substrates. Inverted opal structure
can be fabricated from the opal structures. If the void between the sphere is filled with another
material and if the spheres are removed later, then the remaining structure will form the inverted
opal structure with symmetrical periodicity in all three directions. This structure is similar to honey
comb like structure as shown in figure 1.6(a), photonic crystal has photonic band gap in all three
directions i.e. this structure has complete band gap. Although as compared to 1D and 2D photonic
crystal, achieving periodicity of refractive index in all three directions is a really challenging task
[86]. Techniques such as photo lithography, e-beam lithography and ion etching are utilized to

fabricate 3D Photonic crystals. Woodpile structure is a famous example of 3D Photonic crystal.
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Photonic crystal structure fabricated as 1-D ,2-D or 3-D can regulate the photons in desired manner
by creating photonic bands and localized surface states by arranging spatial configuration of
refractive indices in a periodic manner. As Photons can be manipulated as heat carriers. therefore,
there are many reports in which Photonic crystals are used a main component to manipulate the
heat radiation . It is observed photonic bands effect the thermal photons and its transport properties
[87]. There are theoretical calculations which shows that multilayer structures can decrease the
thermal conductance by using photonic bands, this property makes photonic crystals a key
component coating for thermal barrier applications [88]. Combining Photonic crystal with
thermochromic materials provides the advantage of operational tunability. Incorporating
thermochromic material with photonic crystal can gives the static control of light by optimizing
the stop band of the photonic crystal and due to thermochromics material further provide the
dynamic control in near infra-red region as it changes state automatically in response to external
heat. All these properties make Photonic crystals a good candidate for smart windows or smart
glass designs. Research in the field of smart windows mainly comprises the idea based on materials
which exhibits certain properties such as organic materials or thermochromics material. There are
very few reports about the role of Photonic crystal in smart glasses or smart windows where
photonic crystal being the crucial aspect. In this thesis we have clubbed the idea of thermochromics
material with Photonic crystals which make this a very efficient and novel design for smart glass.
Although Photonic crystal of different structures can be employed with materials, be it
thermochromics or electrochromic to utilize them for smart glass purpose. In the subsequent

sections we will briefly describe the Photonic crystal based smart windows.

1.7 Photonic crystal with electrochromicity

Electrochromic materials are well known for their utility in smart windows. Electrochromic
materials work on applying the electric current or voltages and show significant change in their
optical properties. The main characteristics of an electrochromic based devices is change in optical
transmission which mainly occur due to change in state of valance ions. Electrochromic based
devices and smart windows has four main contributing factors such as, change in optical
transmission state before and after applying the electric current and voltage. The state before

applying the electrical input is generally known as colored state. After the application of electric
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current or voltage, the state is usually known as bleached state. Other main contributing factor is
response time; this time refers to the duration in which electrochromic material goes from one state
(colored state) to other state (bleached state). A general rule of thumb to define the response time
is the duration in which the transmission of material upon application of electric current or voltage
reaches to 90%. Coloring efficiency and coloring cycle stability are the other main characteristics
of an electrochromic material. To implement these electrochromic devices as smart glass
applications for commercial purposes, the change in optical transmission should be constant on
application of voltage for a regular number of cycles and duration of time. Although there are
materials which shows all the above characteristic to a good extent, but still electrochromic
materials are not good enough for commercial applications. This is because, optimization of all
four characteristic mentioned above in a single material is still a challenging task. Electrochromic
materials are further divided into organic and inorganic electrochromic materials. Tungsten
Trioxide is one the most common inorganic electrochromic material which has reported enhanced

color efficiency when embed within inverse opal type 3D Photonic crystal [89].

1.8 Photonic crystal with thermochromicity

Thermochromism is the phenomenon in which a material can undergo a phase transition
which leads to reversible change in its optical coloration under the influence of applied heat [90].
One of the main advantage of thermochromics material over electrochromic material is that they
are self-regulatory, and doesn’t require external electrical stimulus or some extra source of energy.
Thermochromics material like Vanadium Dioxide is one of the smartest material which can
regulate the infra-red light from the solar spectrum according to the change in its surrounding
temperature. This unique property makes vanadium dioxide an ideal candidate as functional smart

material for smart glass technology.
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Figure 1.7 Showing the working of smart window incorporated with Photonic crystal layers in hot and cold
days.

The main parameters governing the smart window performances are regulation of luminous
transmission and ability to modulate the solar radiation. For smart windows applications, the
requirement of luminous transmission should be more than 60 %. Although in past, there are
several design factors to control the building heat via convection and conduction technologies.
Usage of layered glasses with inert gas filled in-between the glass plates were also tried, which
deceases the impact of heat inside of building. But all these innovations cannot regulate the
luminous transmission and the solar radiation automatically. With change in external heat or other
stimulus, it also decreases the luminous transmission substantially. Therefore, this opens
opportunities for new inventions in the field of energy saving coatings for smart window glasses.
While using vanadium dioxide as thermochromic smart material for the above purpose, solar
modulation throughout the day will be another important parameter of concern. To serve the
purpose of solar modulation to control the heat efficiently should be more than 10% to be
considered as effective for energy efficient windows. Therefore, having good luminous
transmission and dynamic regulation of solar light to perfection is still a challenge for smart
window research. Reports suggested that luminous transmission enhancement with anti-reflecting
coating leads to reduction of solar modulation with deposition of antireflective coatings [91]. Solar

modulation can be enhanced with increased thickness of vanadium dioxide but it can cause
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absorption in visible region as well as leads to the reduction of luminous transmission. Now
combining thermochromic with photonic crystals can fulfill both of the above stated criteria and
can give a very feasible and large scale, reproducible designs for smart glasses for the application
in smart windows, doors etc. The above sections have already discussed about the photonic crystal.
These are artificially made periodic structures. A photonic crystal would reflect a color when it’s
band gap lie in visible region by following the simple Bragg law. There are various reports of
Vanadium Dioxide over Photonic crystals for implementation in smart window glass like
applications. For example, inverse opal photonic crystal which can tune its photonic band gap by
just changing the size of these colloidal opals. They can be easily synthesized by sol-gel method.
This can easily enhance the solar modulation in regular manner but due to intrinsically high
refractive index of VO transmission luminescence enhancement would be a challenge. But inverse
opals made out of the SiO> composite with vanadium dioxide [92] has reported increased luminous
transmission with improved solar modulation. Even homogenous periodicity of inverse opal VO_
system not only increased the thermochromic performance, but also it reduced the phase transition
temperature [93]. Therefore, these interesting designs of photonic crystals incorporated with
thermochromics materials for new application of smart glass technology for energy saving

applications.

1.9 Aim and Scope of the thesis

Therefore, the primary goal of this thesis is to implement Photonic crystal structures with
thermochromic materials for improving the designs for energy efficient smart windows in building
fenestrations. We have addressed the issues of robustness and durability for smart glass designs
with improved transmission and reflection efficiency. With this aim, we have divided the thesis
into two studies. In the first part [chapter 3] we have incorporated vanadium dioxide a
‘thermochromics material’ with 1-D photonic crystal fabricated with alternate deposition of
SiO2/TiOz over glass with tunability in near Inra-red wavelength region. In the other Part [chapter
4] we have tuned the transition temperature of Vanadium Dioxide with suitable doping near to
room temperature and incorporated it over flexible 1-D Photonic crystals structures, as a
consequence, the transmission and reflection via these structures regulates with nearly 100 %

efficiency with retrofitting applications.
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The next Chapter 2, briefly discusses the fabrication and characterization of 1D Crystals and
thermochromic materials in details. We have briefly explained the various instruments, working
principle and techniques such as UV- Visible absorption spectroscopy, X-ray diffraction
spectroscopy, scanning tunneling microscopy and transmission electron microscopy. Apart from
these we have described the homemade set up for high temperature reflection spectroscopy and
micro-photoluminescence spectroscopy which are assembled to characterize VO2/1-D Photonic

crystal structure, W - doped VVO./1D-Photonic crystal structures.

In chapter 3, we have synthesized VO. nanostructures by thermolysis method. VO2 nanostructures
of tuned crystallinities are synthesized. FESEM imaging, TEM imaging and high temperature
XRD measurements, are performed on VO nanostructures of different crystallinities and
confirming the phase transition from monoclinic to rutile phase at and above 68 °C. Thin films of
VVO2 nanostructures with PVP are fabricated and employed over 1D photonic crystals also known
as Bragg reflector of varying stacks. The effect of number of stacks of Bragg reflectors over
transmission and reflection of VO2/1-D Photonic crystal structure is studied. Bragg reflector of ~
100 % reflectivity are fabricated and employed with phase changing VO2 materials and near to

perfect absorption enhancement in VO/1-D Photonic crystal structures are studied.

In chapter 4, We have further tailored the transition temperature of VO2 nanostructures by doping
with tungsten atoms which reduces the transition temperature near to room temperature. Tungsten
doped VO- nanostructure are employed on flexible 1D photonic crystals fabricated over PET
substrate. DBR’s are fabricated over PET substrate as it offers flexibility. Good crystallinity W -
VO, (M) nanostructures are obtained with one — step hydrothermal method. we have reported the
least time reaction to obtain the W - VO (M) nanostructure for the first time. Various
characterizations have confirmed the phase transition of W-doped VO2 nanostructures thin films.
Thin films of W- doped VO nanostructures shows good optical modulation. Incorporating with
flexible 1D Photonic crystal not only shows the good optical transmission and reflection control
but also shows good performance under compressive bending, which make this design quite robust

and economical for smart glass applications as an optical absorber.

In chapter 5, we will report the synthesis of environmental friendly with good optical tunablity,
blue, green and red emission carbon dots. The optimized mixture of carbon dots can achieve white

light emission. Incorporation of these dots which can be excited with single excitation source with
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dielectric Bragg reflectors and broad band reflective metal cavity structures gives significant
enhancements in Fluorescence. Studying these structures will have great potential in color

rendering devices and highly efficient carbon dot based LEDs.

Finally, with Chapter 6, we will end this thesis work with brief discussion on future outlook.
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Chapter 2

Chapter 2
Experimental, Fabrication and
Characterization Techniques

2.1 Introduction

This Chapter gives the brief description of the technical aspect of fabrication process of
photonic crystals tuned for visible to near infra-red region of the optical wavelengths. We will
discuss the synthesis and characterization methods used for making the nanostructure of Vanadium
Dioxide along with its polymorphs and carbon dot. we will be discussing the operating
mechanisms of characterizing tools in brief. We will also discuss the transfer matrix method in
brief which is used to simulate photonic structures with MATLAB code. This thesis will deal with
optical performance of hybrid structures of VO, and W-doped VO, with 1-D Photonic crystal
structures. We will specifically discuss optical experiments such as temperature dependent optical
transmissions and specular reflection spectroscopy to characterize VO./Photonic crystal hybrid
structure. We have also performed photoluminescence experiments to study the performance of
carbon dot with Photonic crystal based devices. This chapter gives the brief description of that as

well.

2.2 Design and fabrication of 1-D Photonic crystals

In this section we will discuss the design and fabrication of 1D photonic crystal in entire
wavelength region. Photonic crystals are mainly described as the study of stationary states of
optical electromagnetic waves [1]. With the knowledge of solid state physics and Maxwell’s
equations, one can anticipate the behavior of light in terms of band theory [2]. There are various
methods to calculate the band structure of photonic crystal such as plane wave method (PWM) [3],
Finite difference time domain method (FDTD) [4] and transfer matrix method (TMM) [5]. All
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these methods give results which are in good match with experimental data. The first method i.e.,
PWM considers the solution of Maxwell’s equations to be the linear combination of plane waves,
this method gives the Eigen values of infinite photonic crystal with a defect [6 -7], this technique
incorporates both simplicity and viability in a complex problem. It can map the detailed energy
diagram for any periodic dielectric arrangement, however, this method has inability to efficiently
study the crystals having frequency dependent dielectric functions such as metals. This method is
best suited for perfectly periodic structures, when a defect is introduced in the structures, the
energy diagram calculation become time consuming and hectic. TMM typically used to calculate
the optical absorption parameters in a multilayer structure by applying the electromagnetic
boundary conditions through a transfer matrix at each layer [8]. This approach has several
advantages over the plane wave method, the main advantage is that while plane wave method fixes
k value and search for all value of possible m, in TMM calculations for a particular o, it calculates
all possible values of k. This makes this method to work even for dielectric functions is some
complex function of frequency, i.e., metal. But TMM calculation gives no information about
temporal fields inside the crystal structures which is a vital information while designing splitter.
couplers etc. whereas, the FDTD method is direct method which uses integration over Maxwell’s
equation to solve the photonic bands for much complex structures [9] and this method is mainly
used for simulating nonlinear materials. The time stepping method used here is fully explicit, hence
it completely avoids the problems associated with matrices and simultaneous equations as in both
methods state above. However, to calculate transmission and reflection coefficients, this method
is more tedious and sensitive to errors than the TMM method. In this thesis, we have used the
TMM, which is implemented using MATLAB for structures having many layers. We can easily
calculate the reflection and transmission coefficients with this method for any multilayer structure.
The code is added into the appendix of this chapter. We have used radio frequency (RF) magnetron
sputtering to fabricate the 1D Photonic crystal. This is a well-known and very efficient tool that
we have used to fabricate 1D Photonic crystals which are also known as distributed Bragg
reflectors (DBRs). Now we discuss the working principle of magnetron sputtering in Brief in the

next section.
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2.3. Magnetron sputtering

Magnetron sputtering is the one of well-known technique used for physical vapor
deposition to make thin films on various kind of substrates [10 - 11]. Magnetron sputtering is also
used heavily as an important technique for industrial applications in the areas of wear — resistant
coatings etc. [12]. With this technique one can deposit films with varying thickness from few nm
to several um. One of the major advantage of sputtering is that it is high vacuum based deposition
system due to which chances of unintentional oxidation of samples are low. This makes this
technique a highly desirable coating technique for microelectronic fabrication. Generally, the
vacuum chamber is pumped to a gas pressure of 10 to 10" mbar [13]. Sputtering is one of the
most convenient technique for the fabrication of photonic micro cavities, because of the ease of
depositing layers of multiple materials within a single vacuum chamber. Moreover, it also provides
good control of refractive index and thickness of each layer [14]. Sputtering system employ
magnetrons which uses electric and magnetic fields which confine the charged plasma near the
target surface. The target material is hit by the highly energetic plasma of the sputtered gas which
is generally an inert gas, usually argon is used for this purpose. Upon hitting the target with energy
greater than binding energy of the atoms in material, the target atoms come off the and undergo
transition into the gaseous phase. Now the electrons which follow the helical path under the
influence of magnetic field, undergo collision with gaseous atoms and formed the gas discharge
known as plasma near the surface of target. Sputtering can be of various types depending upon the
utility. Mainly there is DC sputtering, which uses the DC (Direct Current) source. DC sputtering
generally employed on conductive materials [15]. It involves the DC gas discharge formed after
ions hit the target which is kept at cathode. This positive charged discharge is accelerated towards
the substrate which is kept at the anode. DC sputtering involves high power DC power source [16].
DC sputtering is beneficial in processing many large substrates. But to deposit thin films of
dielectric insulting materials such as oxide DC sputtering cannot be used. To deal with this
problem, radio frequency (RF) sputtering is used. In RF sputtering it consist cathode which is the
target and anode, which is kept at series with blocking capacitor. The main function of capacitor
is to behave as impedance matching network which controls the RF power to form plasma
discharge [16]. RF sputtering is found to be useful for depositing insulting materials as it can avoid
the charge build up over the target by alternating changing the anode — cathode sign with the

frequency of 13.56 MHz Figure 2.1 (a) and (b) showing the Moorefield sputtering system ST80A
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used to fabricate 1D Photonic crystals. This system is equipped with both DC and RF magnetron
sputtering facility. Figure 2.1 (a) showing the schematic of both DC and RF sputtering.

DC bias

4mmmm Plasma
Target

Figure 2.1. (a) Demonstrating the magnetron sputtering schematic diagram and (b) showing the actual RF

and DC system used to fabricate photonic crystals for this thesis (Moorefield ST80A).

This magnetron sputtering system is installed with three magnetrons with sputter sources and it
consists of variable height and variable head angle magnetrons. The system can reach to vacuum
of 10" mbar as it is equipped with turbo molecular stage pump followed with backing pump. Along
with it a variable height sample stage is attached to the system. In this system to control the
deposition rate a thin film crystal monitor is attached. Although all the optimization to fabricate
the 1D photonic crystals in tuned wavelength is done manually by fixing the RF power and distance
between the magnetron and sample stage respectively and plasma time exposure. In this thesis, we
use SiOz, TiO2 and Ta20s as target materials to fabricate 1D Photonic crystals. Very high quality
thin films of these oxides with surface roughness in the range of + 2 nm were fabricated. This
surface roughness is measured with AFM. We have fabricated 1D photonic crystals tuned to
optical wavelength varying from visible to infra-red by alternatingly depositing SiO2/TiO2 and
Si02/Ta20s respectively. Figure 2.2 (a) showing the 1D Photonic crystals fabricated in the visible
region as evident from their reflecting color in optical images with 2.2 (b) showing their reflectivity
curve which reaches near to 100 %. 2.2 (c) showing the cross sectional view of these multilayer

structures.
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Figure 2.2 (a) Showing the optical images of 1D Photonic crystal in visible region (b) showing the
respective reflectivity of a photonic crystals and (c) showing the cross sectional image of these multilayer
photonic crystal fabricated with alternative layers of SiO; and TiO; respectively.

To fabricate smooth thin films with good reflective interface, we used an appropriate RF power at
moderately low deposition rate. To fabricate metallic thin films of Ag and Au to form metallic
cavities DC sputtering in the same system with different control unit is employed. Compared to
the DC magnetron sputtering RF sputtering is quite complex and it equipped with more expensive
instrumentation with many control parameters to take care. However, RF magnetron sputtering is
found to be very convenient and suitable tool to fabricated high quality photonic crystals with
wavelength varying from visible to Near infra-red [17]. This technique has an advantage of high
deposition rates and forming high purity films with good adhesion with uniform large area
deposition therefore, it is one of the most important tool for smart glass industry. Also it is widely
used in fabrication of thermochromics materials for smart window applications [18]. Now to
characterize these photonic crystal we took specular reflection and transmission curves which we
mainly collected using Perkin Elmer’s Model-950 UV-VIS absorption spectrometer.
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2.4. UV - VIS Optical Absorption Spectroscopy

UV - VIS spectroscopy also known in context of absorption spectroscopy and reflectance
spectroscopy generally in region from ultraviolet to visible wavelength. It is a simplest and quite
inexpensive analytical technique extensively used in various areas of science from fundamental to
broad applications. The working principle of UV - VIS spectroscopy is based on light matter
interaction, when light is absorbed by the material under study it undergoes excitation and de-
excitation which leads to the formation of distinct electronic spectra [19]. Usually the electrons
present inside the compound absorbs the Ultraviolet radiation undergoes the electronic transitions
from relativity lower ground state to a relativity high energy excited state which gives the idea
about the electronic structure of the compound. UV — VIS spectroscopy is usually carried out in
solution. To study carbon dot and vanadium dioxide nanoparticle, we have used optical absorption
technique which is based on Beer-Lambert law [20]. This states that the optical absorbance is
directly depends on concentration of absorbing compound. It gives the mathematical and physical
picture of light matter integration for gases and liquid phase in the entire electromagnetic spectrum
[21] Figure 2.3 showing a schematic diagram of UV-VIS Spectrometer for liquid and translucent

samples.
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Figure 2.3. Showing the typical UV-VIS Spectroscopy diagram for solution samples.

It depends on path length which is the width of cuvette. The absorption coefficient given
as o (M) gives the idea that how far an electromagnetic wave can penetrate before it get absorbed.
For the case of vanadium dioxide, similar to semiconductors have a narrow edge for absorption
coefficient across the MIT (Metal to Insulator) i.e., photons with energy less than band gap cannot
excite electrons from valance band to conduction band and as a result it results in no light
absorption. Therefore, absorption coefficient g(A) determines the intensity attenuation of the light
passing through a compound [22] and can be expressed as,

—d [Io]
I, dx

) =

The absorption coefficient is related to extinction coefficient by the formula,

41k
a(d) = -

Where « is the extinction coefficient and A is the wavelength of light define Io. Knowing the
following parameters one can calculate the absorbance of the solutions. But above method is
applicable only to dilute solutions. We have calculated the absorption spectrum of Vanadium

dioxide nanoparticles across the MIT transition with ethanol as solvent keeping the account of
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concentration factor. To characterize the dielectric multilayer samples also known as Bragg
mirrors, as these are very high reflectivity at stop band wavelength due to subsequent coherent
interference from the layers. To characterize these, absolute reflection measurement using
integrating Sphere is done with a high accuracy. For these measurements Shimadzu UV -VIS
spectrometer 3600i Plus is used. A typical schematic diagram of an integrating sphere is shown in
figure 2.4 (a)

(a) M N
/(_ ______________________ \ Integrating Sphere
N \
\
------------------ T 2 fl
Reference Beam ){, /\‘\ 5 i & 1 zemecltance
v ! N ha Idp e
; v ' N | holder
P / A 1 \
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R R
s [ X ] e )
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Figure 2.4. (a) Showing the schematic of integrating sphere measurement of solid thin films and (b)

showing the specular and diffuse reflection from the surfaces [23].

An integrating sphere compromise of spherical cavity coated with highly reflective
materials known as barium sulfate. Light undergoes multiple reflections until the detector collects
the reflected light [23]. Reflection measurement is also characterized as diffuse and specular
reflection, depending on how the light fall on the sample and reflected through its surface.
Generally Specular reflection defined when reflected light is symmetrical to incident light w.r.t the
normal line whereas in case of diffuse reflection, incident light scattered in all directions upon
reflection through the surface as shown in the figure 2.4 (b). Reflectance and transmittance spectra

for Bragg mirrors are obtained through specular mode of reflection. As specular reflection is
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usually done on samples having smooth and polished surface. Samples which have rough surfaces
usually measured by diffuse reflectance mode as samples undergoes diffuse reflectance are
simultaneous scatters and absorb the electromagnetic wave. To study the VO2/DBR hybrid
structure high temperature reflection measurement is done. As of our knowledge there is no
commercial spectrometer which can measure specular reflection with increasing temperature of
substrate, therefore we have done these measurements on our home build setup consisting of

manual optical assembly which will explain further.

2.5. High temperature Reflection Spectroscopy

Vanadium Dioxide (VO3) and it’s polymorphs undergoes the reversible metal to insulator
(MIT) transition around critical temperature of 68°C [24]. Such MIT transition leads to abrubt
change from the infrared (IR) transparent semiconduting M state to the IR blocking metallic R
state. Therefore with change in temperature around the critical temperature there is decrease in
transmission in VO2 nanoparticles thin films. To measure the change in reflection and transmission
with tempearture in VO thin films when incorporated with Bragg reflectors, we have employed a

home made experimental setup as shown scematic diagram in figure 2.5.

Monochromator - @ - -

P

FDS 1010

QTH Lamp
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Agilent E49980A

Lock - In SR - 850 Current Preamplifier

\_/ SR-570

Figure 2.5 Schematic diagram of High temperature Specular reflection and transmission at high

temperature.
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Bragg reflectors are sensitive to the angle of incidence therefore it is important to do the
measurement specuarly with incident light falling normally on the sample. And As of our
knowedge there is no spectrometer in and around the world which can measure the specular
reflection with increase in temperature of thin films mode inside the integrating sphere. Therefore,
we have measured our samples on our home build setup which consist of Acton Research’s
SP2555i monochromator which can scan a wavelength ranges from 900 — 2500 nm. Light then
passes through the chopper which inturn passes through the lens assembly which focues the light
into the sample which is kept inside the customised copper sample holder in a ARS CS204-DMX-
20 closed cycle cryostat from advanced research systems. The temperature of the cryostat in which
the sample is placed is controlled with Lakeshore (Model — 340) temperatre controllers. Finally
the specularly reflected and transmitted light is detected through the detector FDS 1010.
preamplifier and LCR meter are connected in series for the signal detection. We have also
performed these experiment on VO2/DBR samples fabricated over PET substrate subjected to
compressive bending, while structure is compressed it is difficult to measure reflection and
transmission though the structure in any spectrometer but our home build set up provides the ease
of measurement even when structure is subjected to compressed bending. Therefore, in these
experiments we have observed the significant decrease in transmission with increase in
temperature with 1-D photonic crystal incorporated with VO,. While doing the measurement the
spot size of light is kept to be of few millimeters so that spectral shape will be retained as the
accumulating effect of VO, nanoparticles will be considered as the reflectivity decreases with

increase in temperature (relevant data is shown in chapter 3).

2.6. Scanning Electron Microscopy

SEM is classified as a family of electron microscope which scan the surface of the
specimen with highly energetic beam of electrons and creates an image of the object [25]. It’s a
most important technique to study materials in a nondestructive way. Scanning electron
microscope utilizes high energy electron beam to generate signal by the interaction of electrons
beam with the atoms of specimen under study. Figure 2.6 lllustrating the different signals produced
upon interaction of electron beam with specimen sample. This interaction contains the information

about the morphology, crystalline structure and chemical compositions [27].
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Figure 2.6. lllustrating the interactions of electron beam with specimen sample with various signals
generated

Depending on applied accelerating voltage to electron beam and density of the specimen
under study many interactions produced such as, secondary electrons (SE), backscattered electrons
(BSE) and characteristic X-rays are produced. The penetration of electron beam can occur up to
the depth of few microns [27]. Signals due to Secondary electrons and characteristic x-ray are the
result of elastic collision between electron beam and atoms of specimen. Apart from that auger
electrons, characteristic X-rays and bremsstrahlung radiation are also produced in this interaction.
Now characteristic X-rays provides the information about elemental details. BSE have higher
energy than secondary electrons (SE) therefore it penetrates deeper region of the specimen hence
gives the analytical idea about the element distribution. Whereas, secondary electrons are
generated from the atoms of specimen itself after the electron beam and sample specimen
undergoes the inelastic collision. Secondary electrons are less energetic as of the order of 50 eV.
hence it has limited mean free path therefore it can penetrate up to the depth of few nanometers in
the specimen sample. Hence secondary electrons mainly contribute in topography with resolution
near or below 1 nm respectively. therefore, secondary electron provides the most important signal
for the studies in this thesis. Secondary electrons (SE) can be further classified as SEI, SEII, SEIII
and SEIV. This classification is based on the generation procedure of these secondary electrons.

SEI carries maximum information, as it is produced with primary impact of electron beam with
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specimen. With the progress in technology, to achieve high resolution images Filed emission SEM
came into picture. The main difference between a conventional SEM and FESEM is in process of
generation of electron beams using field effect guns [28]. The schematic diagram of FESEM is

shown in figure 2.7 illustrating the main components.
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Figure 2.7 Showing the basic construction of FESEM

FESEM consist of the electron gun source between two anode plates. The one anode plate is used
to extract voltage, usually this extracted voltage rages from 3 - 5 kilovolts, second anode plate is
used for accelerating voltage with electrons accelerated between 1 keV to 30 keV energy, this
second anode plate controls the velocity of electrons to travel though the column. These anode
plates played the role of electrostatic lens which ultimately focus the beam into the small area.
Resolution is an important aspect in FESEM, which is defined as the capability of separating two
closely spaced entities. Hence, accelerating voltage and crossover area of electron beam are most
crucial factor which determines the resolution of FESEM. Higher is the accelerating voltage better
is the point to point resolution of the FESEM. Generally, 30 kV accelerating voltage is used for
point to point resolution. The second crucial parameter for resolution is beam crossover i.e. the
diameter of the beam. To resolve the features of the specimen the diameter of the beam should be

smaller than that of the feature. In field emission systems, electromagnetic lensing system is
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employed to magnify the electron beams further. There is a circular magnetic field created by these
electromagnetic lenses which condense the passing electron beam. By applying the current to the
lensing system, the focal length of the lens can be changed. Therefore, field emission microscopes
are one of highest resolution instrument. In this thesis all the characterization of Vanadium Dioxide
and other material as well as cross section of DBR is determined using Carl Zeiss ULTRA PLUS
FESEM which has the resolution of less than 1 nm. FESEM is installed with various metal aperture
strips with different pinhole size. Generally small aperture is used for good resolution of image
with good depth of field and less charging. Depth of field of FESEM is another important
parameter which is defined as maximum change in topography of specimen while remain focused.
The translation stage of the FESEM allow the stage to move in X, y and z direction. Z axis gives
the working distance, i.e. the distance between the final lens and surface of specimen. To have an
image over large change in z, the working distance should be large, with small aperture. After
passing the electrons from the objective aperture, the electron beam goes to the final lens. Now
final lens consists of raster coils through which the electron beam is scanned through the surface
of specimen. Raster scan is synchronized with viewing screen scan; raster coils control the
magnification. Magnification can be changed by scanning the shorter line on the specimen. Since
size of CRT is fixed, information by the shorter scan is enhanced to fill the CRT viewing. In this
thesis, high resolution images of Vanadium dioxide and carbon dots as well multilayer cross
sectional view of Bragg Reflector are taken with high resolution SE detectors. In our case
multilayer coated Silicon wafer was cleaved by pressing with diamond cutter at cleavage point.
The figure in inset showing the cleaved silicon wafer. Figure 2.2 (c) shows the layers of SiO2 and
TiO> formed alternatively along with their thicknesses. Since SiO, and TiO; are oxides in nature
which make it prone to accumulation of electrons on the surface of sample. To avoid this working

voltage throughout the cross sectional measurement is kept in the range of 3kV which is quite low.

2.7. Transmission Electron Spectroscopy

Transmission electron microscope is a versatile and a powerful tool in the area of
nanotechnology and material research [29]. Unlike SEM, the transmission electron microscope
uses very highly energetic electrons which passes through very thin specimen, the interaction

between electron and specimen gives the idea about the crystallographic structure. Figure 2.8
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showing the schematic diagram of TEM consisting of an electron gun consisting of heated tungsten
filament which focuses the electrons to the sample via condenser lenses. Magnetic lenses were
used to focus the electron beam to the specimen sample. Vacuum of the system plays crucial role
in forming clear image as molecules in the air can deflect the electrons passing through the column
tube. Upon interaction of electrons with the specimen, the electrons were focused by magnetic
lenses onto a fluorescent screen forming a large clear polychromatic image. Sample preparation is
also important while performing TEM measurements. Denser the specimen, there are more
chances that electrons will be scattered and only very few electrons hit the fluorescent screen and
therefore results into darker image. On a contrast thinner sample will produce brighter image. In
this thesis VO, and W - doped VO, nanoparticles were studied using JEOL JEM 1200 EX HRTEM
instrument operated at the accelerating voltage of 200 kV. Sample for TEM and HR - TEM
prepared by drop casting the diluted solution of VO, nanoparticles with ethanol drop casted on the
TEM Copper grids (CF400-Cu, purchased from electron Microscopy Science) which were placed
over a filter paper for at least 60 second and afterwards it is preserved in the vacuum desiccator.
In this thesis Selected area diffraction (SAED) patterns are also studied using HRTEM, SAED is
a technique which help to identify the crystal orientation, structure and symmetry of the

nanostructures [30].
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Figure 2.8 (a) Showing the actual TEM used to take images in this thesis with model no. (b) showing the schematic

diagram of Basic instrumentation of Transmission electron microscope.



diffraction pattern area is typically of the size of few hundreds of nanometers where SAED pattern
is observed. Spot pattern is formed upon the interaction of electrons single crystal sample and
ringed shaped pattern is formed when interaction of electrons with powder samples takes place
[31]. In this thesis high resolution transmission electron spectroscopy is done on VO2 and W-VO;
nanoparticles. high resolution imaging mode is a method of imaging the sample crystallographic
structure at atomic level [32], it provides the image of atomic structure directly, which provides
the resolution to lattice spacing. We have taken HRTEM image of VO, and W-VO: nanoparticles.
Lattice fringes in the range of 3.2 A° is observed. Diameter of nanoparticles is measured with
‘Imagel’ software. This diameter is measured repeatedly on many VO2 nanostructures and an
average value of diameter is given to minimize the error. Figure 2.9 showing the TEM and HRTEM
image of VO2 nanostructures synthesized in our lab.

Figure 2.9 (a) Showing the Size of VO nanoparticles which varies from 100 -150 nm with inset showing
the Cu TEM grid used and (b) showing the HR TEM image with lattice spacing of 2.42 A° with respective
plane

2.8. X — Ray Diffraction

2.8.1 The principle of X-Ray Diffraction

X- Ray diffraction is a well-known technique to study the atomic and molecular structure
of a crystal [33] and it is also an important technique to determine sample composition and phase
purity [34]. The basic principle of X-Ray diffraction can be understood with Bragg’s Law. In
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general X-rays produced by cathode tube, generates monochromatic radiation and collimated
towards the sample. After X-Ray’s passes through the sample, it bounces back from the atoms at
some angle theta also known as diffraction angle as shown in figure 2.10. These beams will
undergo constructive interference, although few beams also undergo destructive interference but
when the all reflected waves arrive with the same phase it forms a large amplitude constructive

reflected wave with following the Bragg condition given as,
2dSin® =ni

Where 2dSin® is the path difference upon reflection. Where ‘n’ is an integer and X is the X — Ray
incident wavelength. XRD instrument consists of X-Ray diffractometer. This instrument also
works on the principle of Bragg law, where monochromatic light is produced and impinged on the
sample scanned in the range of 26, then reflected X-ray intensity is detected. The X-rays are
produced in a Cathode ray tube. A tungsten filament is heated which creates the electrons that are

accelerated towards the anode material. Usually Anode material are Cu, Co, Mo etc.

Incidert % mays Diffracted x -rays

N ot Ao

d

Figure 2.10 Showing the schematic of X-rays following Bragg Law

Upon heating the electrons from the inner shell removed and electrons from the higher shell come
down to hold their vacant place which result in the emission of X — Ray characteristic from the
anode material, K, being the most common characteristic X-ray. A Schematic diagram of typical

diffractometer is shown in figure 2.11
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Figure 2.11 Showing the typical schematic diagram of X- Ray Diffractometer

Here Detector and the X-ray tube are connected to goniometer rotation stage which rotates
the arms through the scan of 26 synchronously [35]. The X-ray source produce the x-rays which
falls on the sample and get reflected towards the detector which is placed at the same angle as that
of the tube but in the opposite side (see the figure 2.11). When incident X-ray reflected from the
sample following the Bragg condition, constructive interference takes place and the peak position
and intensity is measured at the detector. Generally, for typical powder x-ray diffraction the scan
angle, 26 is varied from 5° to 70°. In this thesis all the structural analysis for VO, and W-VO are
done using Bruker D8 advanced X-ray diffractometer with Cu - K, with A= 0.154 nm as the source.
Now to analyze the size of crystallites, broadening in peaks due to instrument [36 - 37] and
specimen needs to be deconvoluted. Broadening related to the X ray instrument usually associated
with finite size of the X-ray source, radiation from the source not fully monochromatic rather have
some width to the wavelength, sample surface and divergence in axis of incident X-ray beam [38]
are the main contributor to X-ray peak broadening associated with instrument. But with the
advancement in technology the broadening due to instrument are negligible compared to
Broadening contributed by the sample itself which is mainly due to uneven size of crystallites,
distortion in crystal lattice usually known as micro strain or may be due to gradient in
concentrations of non- stoichiometric compounds. The peak broadening in the XRD curves gives
the estimation of the size of crystal grains using Scherrer equation [39]. Scherrer equation

quantitatively describes the relation between diffraction peak Full width half maximum (FWHM)

55|Page



and size of crystal grain. Scherrer equation is applicable to crystallite size < 200 nm due to

diffractometer resolution limit [40].
2.8.2 Determination of Crystallites size

As the broadening of the peak increases with increase in size of crystal grains. The Scherrer
equation gives the relation between crystal size and the broadening of diffraction peak as,

KA
- 3Cos6

(1)

Where ‘D’ is the size of Nano crystals, K is the dimensionless shape factor with typical value of
0.9 which is close to unity, A is the wavelength of X-ray, B is the full width half maxima (FWHM)
of the broadened peak and © is the diffracted angle. In chapter 3, VO2 nanoparticles with different
crystallinity are characterized by XRD measurements. Nanostructures Peak broadening depends
upon crystallites morphology and size. In chapter 3 we have reported that, moderately crystalline
VO, nanoparticles peaks are broader than the highly crystalline VO nanostructure. And as
observed from FESEM images moderately crystalline VO2 nanostructures are larger in size as

compared to highly crystalline nanostructure.
2.8.3 Strain effect on broadening

The second major reason of X-ray peak broadening due to sample are inhomogeneous
strains [41]. figure 2.12 (a) depicting the single crystallite undergoing the Bragg diffraction. If this
single crystallite undergoing the homogenous strain as shown in figure 2.12 (b), this will reduce
the lattice spacing ‘d” by ‘6d ‘and increase the Bragg peak from angle © to 66 which means there
is shifting in Bragg peaks but there will no broadening. Therefore, this strain known as
homogenous as all crystallites are strained by same amount. When the all crystallites were
presented to different amount of strain, this shift in the © would be a variable shift as shown in
figure 2.12 (c) and the single shift in spot occur as shown in figure 2.12 (b) would be a series of
continuous spots as shown in figure 2.12 (c) which leads to broadening in X ray peak due to single
crystallite under inhomogeneous strain. This is possibly because of the presence of defect in

crystallite or the defect can be interstitial, dislocation etc. which created inhomogeneous strain in
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crystallite and causes broadening in X-ray peaks. Now the Bragg law and inhomogeneous strain

can be correlated with formula,
D=Cectan® (2)

C is a constant has value between ~ 4 or 5. By combing the equation (1) and (2) and convoluting
according to Williamson — Hall equation [42] we can calculate the size of strained crystallites.
Warren- Averbach method [43] is another method which can be used to calculate the size of the

crystallites knowing the peaks intensities in terms of Fourier transform.
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Figure 2.12 (a) showing the crystallite under no strain (b) showing the crystallite undergoes the

homogenous strain and (c) showing the crystallite undergoes the inhomogeneous strain

2.9. Micro - Photoluminescence spectroscopy

Photoluminescence spectroscopy is a widely used spectroscopy to study the optoelectronic
properties of semiconductors [44 - 47]. In general Photoluminescence categorized as fluorescence
and phosphorescence [48] which is a contactless method to study the samples in a nondestructive
way. In this thesis we mainly discuss the fluorescence. Photoluminescence spectroscopy uses the
photons which were absorbed by the material and absorbed energy excites the electrons into the
excited states. These excited electrons return to the ground state when losses energy, this lost
energy which is released includes the light emission when a radiative process is involved in the
decay process. The energy level difference of excited and ground state is directly related to the
energy of the emitted photons in the radiative process hence the emitted light is lower in energy
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than the excitation photon as depicted in figure 2.13. In Photoluminescence spectroscopy the
emitted photons generate an optical signal which convoluted into spectrums of intensity versus

wavelength.

Conventional PL spectroscopy is employed to study the bulk materials where spatial resolution is
not needed. Therefore, the main idea of a micro photoluminescence is that the spot size of the
excitation source which excites the sample is focused down to the size of wavelength scale i.e. size

of the spot of few microns [49] and is focused to the detector.
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Figure 2.13 Showing the conventional photoluminescence excited with photons resulting in luminescence
from radiative recombination

Figure 2.14 shows the Photoluminescence experimental setup which we used to measure
the Photoluminescence from carbon dots samples. Now to study the effect and the intrinsic
properties of carbon dots fluorescence enhancement due to 1D Photonic crystal structures, it is
important to probe these Nano dots and Nano crystal individually at micron scale. The one way of
investigating these is to use Micro-PL, as the name suggest the size of the spot should be less or
nearly few micrometers. Figure 2.14 demonstrating the setup we used in our for Micro
Photoluminescence measurement. Which includes Argon laser (488nm) as an excitation source,
with lenses assembly including line filters and 50:50 beam splitter and 20 X objective lens and for
possible detection of emitted light from the sample, we have used Portable compact CCD

Spectrometer model no. CS200 thorlabs.
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Figure 2.14 Showing the Micro Photoluminescence setup done in our lab

We have also tried to study the effect of polarization on these Carbon dots a nanocrystal
by inserting s and p polarizers in between line filter and lensl. PL being the most sensitive
technique for probing semiconductors and nanocrystals. Photoluminescence quantum yield is an
important parameter to measure materials luminescence. Quantum yield of a material is defined as
ratio of emitted number of photons per absorbed number of photons [50]. There are many methods
which can be used to measure Quantum yield of a material, calculating the absolute value of
Photoluminescence quantum vyield is a tricky job, there are appropriate setups to measure it
directly. One can use the comparative method to measure the quantum yield using the formula

given as [51],

I (sample) Absorbance (referecne)

Q (sample) = Q (reference) I(reference) Absorbance (sample)

Where Q is quantum vyield of specimen and reference sample, | is the integrated
fluorescence intensities of specimen and reference sample respectively. This method uses the
guantum yield of known samples also known as standard references. This formula is applicable
only when the specimen emission and absorbance wavelength is near to standard reference
wavelengths of known quantum yield. We have used R6G as a known reference sample as the
absorbance of carbon dot is similar to the R6G sample. From the above equation we have
calculated the ratio of Quantum yields Sample with 1 D Photonic crystal to the sample over glass,
we have observed a significant enhancement in Photoluminescence quantum yield in sample over

1D Photonic crystal as discussed in chapter 5.
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2.10. Raman Spectroscopy

Raman spectroscopy is an important tool to characterize the materials molecular structure,
as the name suggest it mainly works on the principle of Raman effect. The basic principle of Raman
effect is scattered light interacting with specimen sample. The scattering of light can be elastic or
inelastic. If the scattered light is at the same wavelength as of the incident one, then the scattering
is known as elastic scattering which is also known as Rayleigh scattering and for inelastic
scattering the scattered light is at different wavelength than the monochromatic incident light, it
also known as Raman scattering. Raman scattering occurs due to vibrational molecules; therefore,
Raman spectroscopy mainly determines the molecular vibrations [52]. Raman Signal being the
weaker signal say about 0.000001 % of the incident light than the Rayleigh scattered light. Now
to collect Raman signal, it is important to prevent the Rayleigh scattered light. It consists of high
intensity laser beam, which excites the sample and the scattered light is detected through the
spectrometer. The difference between the incident light energy and scattered light energy is known
as Raman shift. The spectrometer is in turn gives the final curves between the scattered light

intensity and Raman shift which is usually given in terms of wavenumber (cm™™).

2.11 Summary

In this chapter, techniques used to fabricate 1D Photonic crystals and techniques used to
characterized them such as uv- vis reflectance spectroscopy discussed briefly. Moreover, we have
discussed all the necessary characterizations to characterize vanadium dioxide, tungsten doped
vanadium dioxide and carbon dots. We have described the working principle of spectroscopies
and microscopies such as scanning electron microscopy, transmission electron microscopy and x-
ray absorption spectroscopy. Moreover, Certain optically homemade setup for characterization of
VVO>/1DPhonic crystal and W-VO2/1D Photonic crystal as well as carbon dots with Dielectric
Bragg reflectors and metallic cavity are characterized with high temperature reflectance
spectroscopy and Micro Photoluminescence spectroscopy which are discussed briefly in this

chapter.
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Chapter 3

Chapter 3

1-D Photonic crystal incorporated with VO, nanostructures based
photonic absorber for smart window applications

3.1 Introduction

Energy efficient coating designs of glasses for windows and doors are vital in energy
saving buildings [1]. As we have seen in chapter 1, energy consumed by any building is nearly
40% of the total energy consumed by the entire world [2]. Exchange of heat between the inner
ambience of building and the outdoor environment through these glass doors and windows are one
of the major contributor to consumption of energy of a building. Therefore, regulating heat through
fenestration of building windows and doors can significantly contribute to overall energy
consumption [3]. For hot days, infra-red radiation entering the building should be regulated such
it will minimize the usage of air-conditioning and for colder days it should maintain and limit the
temperature by consuming less energy required for heating. A constructive way to achieve this is
by implementing the energy efficient designs for building fenestration. Vanadium Dioxide
thermochromic coating for glass windows are the potential candidate which are studied extensively
for building fenestration purpose [4, 5]. Monoclinic vanadium Dioxide VO2 (M) is a functional
material which can undergo the reversible metal to insulator transition above a critical temperature
(Tc) of 68 °C along with infra-red modulation of solar irradiation [6, 7]. VO3 thin films has been
widely studied for functional coatings in smart glass industry. The transition from semiconducting
to metallic phase is followed by the crystallographic phase change from Monoclinic M phase to
rutile R phase [8]. Due to this phase change there is drastic change in optical and electrical
performance of Vanadium Dioxide. As already discussed in chapter 1, the MIT transition leads to

abrupt change from IR transparent semiconducting M state to infrared (IR) blocking metallic R
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state with corresponding change in their band diagram. This MIT transition, not only changes the
optical transmission drastically but also it leads to the change in electrical resistance by few orders
of magnitude [9]. This makes Vanadium Dioxide a promising candidate for infra-red memory
devices [10] and has been extensively studied for smart windows coating and IR based optical
absorbers [11, 12].

On the other hand, as we have seen in chapter 1, Planar 1-D Photonic crystals are simple
artificial structures which can form the optical band gaps by localizing the light modes [13, 14].
These artificial structure can control the flow of light by allowing certain wavelength to pass
through and blocking the rest. 1-D Photonic crystals also known as Distributed Bragg Reflectors
(DBRs), consists of one dimensional periodic array of alternating materials of high and low
refractive index respectively. DBRs yield very high reflectivity in the region known as stop band.
DBR based Photonic crystals has various applications in increasing the emission from
heterstructured LEDs [15] where it is used as back reflector. Bragg reflectors substrates can be
directly used as absorptive medium [16, 17]. Apart from that, these structure play vital role in
wider applications of thermos-photovoltaics and IR photodetectors for energy conservation [18 -
21]. DBR has widespread applications in Bio-Sensing devices [22, 23], in chemical sensors [24,
25] and IR imaging Devices [26]. 1D Photonic crystal hybrid structures are intensively studied in

order to achieve near to perfect absorption by forming localized photonic modes.

There are reports on enhancement of visible transmittance of VO3 thin film using anti reflecting
coatings [27]. But modulating the IR solar radiation using DBR would be a novel approach to
achieve the near to perfect absorption by tuning the band gap of the photonic crystal in IR region.
This research topic has grabbed many attentions due to its practicality and feasibly of these designs
at industrial level. Although there are reports of theoretical predication of absorption enhancement
using this type VO with 1D Photonic crystal nanocomposite structure [28, 29]. Here we have
experimentally checked the performance of 1D photonic crystal based DBR, fabricated with
SiO2/TiO> alternating layers hybridized with VO> (M) nanocomposite thin films. We have

observed a significant reduction in optical transmission and reflection in the IR region.
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3.2 Materials and Methods for synthesis

3.2.1 Chemicals and material Used

All chemicals are used as purchased without any further purification. Ammonium meta-
vanadate (NH4VOs3, 99%, Sigma — Aldrich), ethylene glycol (C2HeO2, 99.8%, Sigma-Aldrich),
Polyvinylpyrrolidone (PVP, Sigma Aldrich), Ethanol, Silicon dioxide (SiO>) and titanium dioxide

(TiO2) sputtering targets of two-inch diameter, double side polished glass slides.

3.2.2 Synthesis Procedure of VO2(M)

Ammonium metavanadate (NHsVOs3) and ethylene glycol (C2HeO2) were used as
vanadium precursors. In a typical synthesis, 1g of NH4sVVO3 was mixed with 50 ml of ethylene
glycol in a 100 ml round bottom flask and this reaction mixture was placed at 160°C in an oil bath
for around 2 hours under constant stirring. After vigorous stirring for 2hrs, yields a purple color
precipitate. The precipitate is an amorphous vanadyl ethylene glycol complex (VEG). This
complex was cooled to room temperature before washing. After the complex is cooled completely,
it was centrifuged three to four times with copious amount of ethylene glycol and finally it is
centrifuged with ethanol to remove residuals from the complex precipitate. This washed purple
precipitate was dried for 4 hours at 60 °C and finally it is heated in a vacuum oven in the ambient
atmosphere at 190°C for 30 minutes. The purple complex upon heating turned into a black powder
of VO2 (M), which is crystalline in nature as shown in the characterization below. This crystalline
VO2 (M) powder was further annealed at 650 °C for 2 hours with a ramp rate of 5 °C/minute in an
Argon air flow in a tube furnace. As VO2 (M) is very sensitive to the temperature and prone to
oxidation very quickly. Therefore, before heating, tube furnace was purged with argon gas for 30
minutes to remove the excess oxygen from the chamber to avoid oxidation of VO, powder. After
tube furnace was cooled to room temperature completely only then Argon flow was stopped to
prevent the sample oxidation. The annealed VO (M) powder was retained with dark blue grayish

color, which leads to the formation of VO2 (M) powder with higher crystallinity.
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3.2.3 Fabrication and characterization of Distributed Bragg Reflectors

To fabricate Distributed Bragg Reflector, Si wafers and glass substrates are used. Before
fabricating DBR, both substrates are subsequently cleaned with DI water, Acetone and ethanol for
10 min each in ultrasonic bath and dried in vacuum oven for an hour properly before the use. RF
Magnetron sputtering as discussed in chapter 2 are used to fabricate the DBR’s. To fabricate the
DBR’s, alternate layers of Silicon Dioxide (SiO2) and Titanium Dioxide (TiO2) are deposited over
the glass substrate in argon ambient. The thickness of each layer is calibrated with RF Power and
time manually. Quartz meter is used to control the deposition rate. To fabricate the DBR, glass
slides of size 0.5 x 0.5 cm? are used. Before the deposition of layers, the base pressure of the
sputtering is kept at ~ 1 x 107" mbar. Whereas while depositing the layers of SiO2 and TiO> the
active pressure is measured ~ 9.2 x 10 mbar. After depositing SiO, and TiO> layers by keeping
RF power and time fix, the thickness of layers is measured with profilomter (Vecco, Dektak 150).
The DBR structure fabricated is a quarter wave stack, with thickness of SiOz and TiO; layers are
calculated with equation d = A/4n, where A is the wavelength where Bragg reflector stop band has
to be tuned with ‘n’ is the refractive index of the respective layers. To tune the Bragg reflector
with stop band wavelength at A, = 1350 nm, the thickness of corresponding SiOz and TiO> layers
are calculated and experimentally calibrated around tsio2 ~ 230 nm and trio2~ 130 nm respectively.
This DBR is fabricated with four stacks of alternate layers and measured reflectivity is found to
be ~ 60% according to equation 2.2 in chapter 2. The other DBR which is used in experiments is
tuned at stop wavelength Ao ~ 1600 nm, with respective thickness of tsio2 ~ 275 nm and trio2 ~ 150
nm respectively. Before fabricating the DBR’s, their reflectivity is simulated using Transfer matrix
method calculation in MATLAB. The simulated and experimental reflectivity data of DBR’s for
a certain number of layers are in good match with each other. Therefore, this shows the reliability
of fabricated DBR’s with the RF deposition system with calibrated parameters. Apart from that
AFM surface measurement of Fabricated DBR’s gives the good results of surface smoothness. As
shown in Figure 3.1, the surface roughness was found to be around £ 2 nm. Therefore, we are able
to fabricate very high quality tunable Distributed Bragg Reflectors with dielectric materials using

RF magnetron Sputtering system.
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Figure 3.1 Showing the AFM image of SiO2/TiO2 Bragg reflector fabricated over glass substrate with
surface roughness of = 2 nm.

3.3 Characterization of VO> nanoparticles

3.3.1 structural and morphological analysis of VO2 nanoparticles

Upon the reaction of ammonium methavanadate (NHsVO3) powder and ethylene glycol
(C2Hs02) under heat treatment Vanadium from V°* oxidation state reduced to V** oxidation state
and a purple colored vanadyl complex has formed followed by the release of N2 [30]. As reported
in literature [31] FTIR spectrum having sharp absorption peaks around 550 cm™ and 1062 cm™
respectively. Which represents V- O and V=0 bonds corresponds to edge-sharing vibrations, the
other peak around 880 cm™ corresponds to the vibration due to bending. O—H and H-O-H of H,0
molecule belongs to the peak at 1631cm™ and 3437 cm™ which is due to bending and stretching
of the molecule respectively. Apart from them, peak around 1379 cm™ corresponds to the
vibrations due to bending of —CH of unreacted organic molecule. There is no trace of C=0, C=C
and —CHspeaks in the FTIR spectrum. Therefore, the structure of the vanadyl complex from above

analysis is predicted as shown in Figure below,

OCH,CH,O
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In the above structure, ethylene glycol plays the role of the cross-linking reagent which attaches
to the central metallic ion and forms a linear chain. To further characterize the Vanadyl complex
X-ray diffraction is employed and data is shown in Figure 3.2. The XRD peaks of Vanadyl
complex are in good match with the peaks shown in JCPDS no. 49-2497.
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Figure 3.2 (a) Showing the XRD diffraction peaks associated with Vanadyl complex and (b) showing the
FESEM image of planar sheet like morphology of vanadyl complex.

The main peak around 26 = 13.46° is associated to the Vanadyl complex given as

VVO(OCH,CH:-0), the following reaction equation to obtain this complex is as follow,
NH4VO3 + C2HsO2 - N2 + VO(OCH2CH20)

The FESEM images of vanadyl complex has a planar sheet — like morphology as shown in Figure
3.2 (b), with average length of each sheet in the order of few micrometers. As reported, pyrolysis
of Vanadyl complex in inert environment leads to the formation of V203 phase. To obtain VO2(M)
pure phase the above complex should undergo pyrolysis in air environment. the pyrolysis reaction

in air as follows,
VO(OCH2CH20) + O2 - VO; + H,0 + CO2

While pyrolsis of complex to obtain VO2(M), ambient enviroment , time of pyrolysis and

tempertuare are the most important factors. From the FESEM image of Vanadyl complex it is
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assumed that the complexs are acting as the seeds for the vanadium dioxide morphology. From
Figure 3.3 (a) depicting the XRD diffraction patteren of Pure Phase VO2(M). The
VO(OCH2CH20) complex diffracton peak disappear completely after 30 min of pyrolysis in air
atmosphere and a black coloured VVO2(M) powder is obtained. There is no peak associated complex
appear in Vanadium Dioixde XRD pattern. The further pyrolysis of complex trun the pure phase
VO2(M) into V20s. Formation of yellow coloured V>0s indiacte the oxidation of the VO2(M).
therefore, the appropiate time to yeild Pure Phase VO2(M) is 30 min for 190 °C in air atmosphere.
Figure 3.3 (a) showing the XRD patteren of VO2(M) corresponds to JCPDS: 82 — 0661.
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Figure 3.3 (a) XRD pattern of Moderately crystalline VO, formed by annealing at 190°C in ambient
atmosphere and (b) XRD pattern of Highly crystalline VO, formed by annealing Moderately crystalline
VO; at 650°C in argon atmosphere.

Figure 3.3 (b) showing the XRD diffraction pattern of VO2(M) nanoparticle post annealed at
650°C, resulting powder also showing the peaks associated at VO2(M) but with increased intensity
by orders of magnitude. Therefore, post annealing of moderately crystalline VO2(M) at high
temperature under inert environment results in the formation of Highly crystalline VO2(M)
nanoparticles distributed uniformly as shown in EDS data in Figure 3.4. EDS peaks clearly
indicates the atomic ratio of vanadium and oxygen throughout the sample which is found to be
nearly 40 % for Vanadium and nearly 60% for oxygen. No other elemental impurity is detected in
the EDS data which confirm the purity of VO2(M) phase.
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Figure 3.4 Showing the EDS of VO, confirming the atomic ratio of vanadium and oxygen.

Moderately crystalline and highly crystalline VO2 (M) nanostructures images with Transmission
electron spectroscopy (TEM) and Field emission-scanning electron microscopy are shown in
Figure 3.5 along with vanadyl complex morphology, both theses spectroscopies gives lot of

information about the formation mechanism of VO (M) nanostructures.

Figure 3.5 (a) and (d) showing the FESEM images of Moderately crystalline (MC) and Highly crystalline
(HC) VO3 nanoparticles. (b) and (e) showing the TEM images of cluster of MC VO; nanostructures and
regular shaped polyhedrons of HC VO, with (c) and (f) showing the HRTEM images of MC and HC VO
nanostructures along with inset showing the SAED pattern.
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As shown in Figure 3.5, the morphology and crystallinity of as-prepared Moderately
crystalline and highly crystalline VO. nanostructures are estimated by FESEM and High -
Resolution TEM images. Figure 3.5 (a) Showing the Moderately crystalline VO2 nanostructures
having rod like morphologies with vanadyl complex act as seed for VO (M) Nano rods. The Nano
rods are aggregated together due to large surface energy, therefore an aggregated pile of rods
obtained from this synthesis method. The Transmission electron spectroscopy as shown in Figure
3.5 (b) also confirms the formation of the Nano rods with size of the rods varying from 100 to 200
nm accumulated into a cluster. Figure 3.5 (c) showing the High resolution TEM images and it
gives the information about the crystalline phase of VO (M) nanostructures. From HR-TEM
images the calculated inter-planar distance of moderately crystalline VO2 (M) nanostructure are
found to be around 3.4 A° and this inter-planar distance is associated with (011) miller plane of
the MC VO, (M) with JCPDS: 82 — 0661. Highly crystalline VO2 (M) as already discussed in
Figure 3.4 (b) XRD diffraction, is synthesized by post — annealing of the as — synthesized MC VO
by annealing at 650°C in argon ambient. As shown in FESEM image of Figure 3.5 Highly
Crystalline VO2 (M) nanoparticles are uniformly distributed and have regular and clear grain
boundaries. It is evident from the above analysis that with increase in temperature the particles
which are aggregated into the cluster, transformed into more regular shaped particles. As reported
in literature [32] when the particles are annealed at temperature more than 500°C, it will lead to
formation of uniformly distributed particles. The particle size is also consistent with the Debye-
Scherer calculation from the XRD diffraction pattern. The particles annealed at the relatively low
temperature, obtain small crystalline size particles having large surface energy which causes them
to accumulate together. Upon increasing the annealing temperature, the surface energy of the large
crystalline size decreases and therefore, it reduces the accumulation of the particles. And if the
particle size is more than 500 nm, it will lead to less accumulation of particles together. As shown
in Figure 3.5 (d) FESEM images of highly crystalline VO nanoparticles have polyhedron
morphology. This Morphology is also confirmed by the TEM image in Figure 3.5 (¢) and Figure
3.5 (f) gives the HR-TEM image of Highly crystalline VO2 nanostructure with calculated inter-

planar spacing of 2.42 A°, with inter-planar spacing associated with (200) miller plane.
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Figure 3.4 (a) and 3.4 (b) shows the XRD of MC and HC VO (M) nanoparticles. It is quite
evident from the above results that after thermolysis, the peak corresponds to the Vanadyl complex
vanishes completely and peaks corresponds to the monoclinic VO starts to appear with the
orientation along the (011) miller plane with main peak around 26 =27.95°. Also the FWHM (Full
width half maximum) of Highly crystalline VO2 (M) nanoparticles synthesized at higher
temperature decreases as compared to the MC VO2 (M) nanoparticles. Also the peak intensity of
HC VO2 (M) also enhances significantly as compared to MC VO2 (M). The another important
characterization which determines the structural phase transition is High temperature in situ XRD
to determine the transition from the monoclinic phase of VO2 (M) to the VO: rutile phase around
the transition temperature. Figure 3.6 shows the high temperature XRD of Moderately crystalline

VO, nanostructure.
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Figure 3.6 Showing the high temperature XRD of Moderately crystalline VO» nanostructures with (a)
showing with increase in temperature the highest peak intensity shifting in the range of 26 - 30° towards
the lower angle 20 along with (b) showing the XRD diffraction with various temperature range and
transition temperature (MIT) from VO,(M) to VO2(R) around the critical temperature of 68°C and (c)
showing the another signature of this transition with gradual splitting of single peak at 65° into two peaks
in the range of 62-68°. Along with plane associated with single peak is (130) monoclinic plane and the two
plane associated with doubly peaks are (002) and (310) rutile plane.

The temperature dependent in situ XRD of moderately crystalline VO, (M) nanostructures
is shown in Figure 3.6 is clearly indicting all the structural changes occurring in Vanadium Dioxide

lattice upon applying heat to the nanostructures. With transition taking place from monoclinic VO2
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(M) phase to rutile VO2 (R) phase The transition temperature is observed to be around 360 K.
Previous [33] and our report shows that, the XRD pattern of VO remains into monoclinic phase
below the transition temperature of 360 K, with XRD diffraction peaks are in good match with
JCPDS - 82 — 0661 which confirms the VO, monoclinic phase. Above the transition temperature
of 360 K, the XRD diffraction peaks are in good match with JCPDS — 79 — 1655 which is
associated with high temperature rutile phase of VO2 nanostructures. The major XRD signature
corresponds to the structural changes, is the shifting of the highest intensity XRD diffraction peak
in the range of 26° < 20 < 29° as indicated in the above figure. With, the monoclinic structure
transforming into rutile phase the lattice plane corresponds to (011) VO2 (M) phase transform into
(110) VO2 (R) plane. Second major indication of structural lattice change that can be observed is
in the range 64° < 26 < 66°. In this range the low temperature monoclinic peak of VO2 (M)
associated with plane (310) split into two peaks which corresponds to VO2 (R) (130) and VO (R)
(002) plane. Therefore, temperature dependent XRD gives the evident results of structural phase
transition occurring in VO3 nanostructure due to change in unit cell dimensions while transforming
from monoclinic VO2 (M) to rutile VO2 (R) Phase.
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Figure 3.7 Showing the High temperature in situ XRD diffraction pattern of Highly crystalline VO,
nanostructures. (a) Indicating the shift in highest intensity peak with change of lattice planes from (011)
monoclinic plane to (100) rutile plane of VO,. (b) showing the XRD diffraction peaks of HC VO, with
transition occurring near temperature of 360K and (c) showing the gradual splitting of two rutile planes
(310) R and (002) R from the monoclinic plane of (130) M.
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Similar temperature dependent in situ XRD is carried out for Highly crystalline VO3
nanostructures. And structural changes in the HC VOq lattice upon applied temperature are
observed. The peak with highest intensity, shift in the range of 26° < 26 < 29° as shown in the
figure 3.7 (a). The visibility of two sharp peaks in the region of 64° <20 < 66° are clear evidences
of structural phase transition from monoclinic to rutile phase above the phase transition. Therefore,
these results establish the phase transformation from monoclinic to rutile above 340 K. Form
structural point of view, below the phase transition temperature the vanadium atoms remain in Zig
- Zag kind of orientation which corresponds to the insulting behavior of the VO, (M) and above
340 K there is a shift in linear vanadium atoms chain which transforms the lattice into VO2 (R)
phase. Therefore, above characterizations are quite sufficient to confirm the VO (M) phase

transformation.

3.3.2 Fabrication of VO2 — PVP composite thin films

To fabricate VO thin films over the glass or other substrates, the uniform deposition of
VVO2 nanoparticles is a challenge. VO2 nanoparticles being highly non dispersive and in soluble in
nature. There are quite few solvents which can be dispersive for VO2 nanoparticles. A polymer
matrix to embed VO nanoparticles is most suitable route to fabricate large area coating. As
Vanadium Dioxide can undergo into many oxidation states and V2Os being the most suitable
oxidation state therefore it is very important to find the suitable host for VO, nanostructures
without tempering it’s thermochromic properties. Polyvinyl Pyrrolidone (PVP) being most
compatible polymer agent for VO, nanostructures to form a composite to fabricate thin films as it
provides an effective insulation against the oxidation. We have used PVP with average molecular
weight of 10,000. And the VO2 and PVP ratio is kept around 1:10 parts with 1 ml of ethanol and
whole composite solution heated at 60 °C for at least 12 hrs. to form a uniform slurry. The
composite solution should not be heated at higher temperature than 60°C. VO, powder is
thoroughly gridded with clean motor pestle before the mixing VO> into PVP as it prevents the
aggregation of VO particles, After the slurry is formed it is uniformly casted on a glass slide with
spin coating. VOZ2 thin films are spin coated over glass substrates of size 0.5 x 0.5 cm2 and 60 pl
of VO2/PVP composite is taken in all cases. To vary the thickness of the film, the spin coater

speed is adjusted. To fabricate the thin film of thickness around 110 £ 10 nm we have used spin
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coating with rpms of 4000 for 40 second to deposit over Distributed Bragg reflector. The FESEM

image of VOg thin film over glass is shown in figure below 3.8.

Figure 3.8 Showing the FESEM images of VO, thin film over glass with estimated thickness of 110 + 10
nm.

3.3.3 The optical characterization of VO2 — PVP thin films

The main parameter which determines the performance of VO thin film is transmission
modulation i.e., change in optical transmission of VO, thin film with increase in temperature.
Figure 3.9 (a) and (b) showing the optical transmission of moderately crystalline and highly
crystalline VO2/PVP composite thin films in response to the external temperature. In our report
we have observed, both moderately crystalline and highly crystalline VO2/PVP nanocomposite
thin films have similar transmission reduction with temperature enhancement. Thin films were
fabricated by depositing equal amount of VO material over all substrates to fabricate thin films.
From the figure 3.9, it is quite evident that the change in transmission is more profound when
temperature reaches to and above 360 K. Thin film fabricated with moderately crystalline VO>
nanostructure composite as estimated thickness around 110 + 10 nm as shown in Figure 3.8. From
figure 3.9 (a) as the temperature increases from 300 K to 380 K, the optical transmission reduces
from 67 % to 53 % at the wavelength of 1300 nm and from 73 % to 55 % at wavelength of 1600
nm respectively. Therefore, the optical modulation i.e. AT is nearly 14 % at wavelength 1300 nm
is calculated and nearly 10 % at wavelength of 1600 nm for highly crystalline VO thin films which
similar to that of the moderately crystalline VO thin films when temperature increase from 300 K
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to 380 K. This variation in transmission modulation is due to the change in structural phase change
from semiconducting monoclinic to metallic rutile structure of VO2/PVP thin films. Similar change
in transmission has been reported [34] which shows ~ 10 % change in VO thin films at the
wavelength of 1300 nm as the temperature increases.
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Figure 3.9 (a) showing the transmission spectra of moderately crystalline VO,/PVP thin films fabricated
over glass with temperature increasing from 300K to 380K along with transmission change of nearly 14%.
(b) showing the optical transmission of highly crystalline VO2/PVP thin films having transmission change
of nearly 10 % which is similar to moderately crystalline VO thin films with increases in temperature from
300 K to 380 K and (c) showing the reversible transmission hysteresis of Moderately crystalline VO thin
films and the hysteresis width of 0.05 at transition temperature of 340 K. (Insets showing the thin films
optical image of MC and HC VO, thin films)

Figure 3.9 (c) showing the reversible transmission hysteresis of moderately crystalline
VVO>/PVP thin films in response to thermal energy. The thin films were fabricated over glass and
the hysteresis is measured at the wavelength of 1600 nm. The width of the transmission hysteresis
upon reversible measurement is calculated to be around 0.05 at the transition temperature of 340
K. Our reported transmission hysteresis width is quite narrow, which is associated with thin film
fabricated with uniformly distributed particles and with good crystallinity having small granular
size particle of Moderately crystalline VO2 nanostructures [35, 36]. In general, the exact cause of
hysteresis is widely unknown. Research work done so far suggests, crystallite grain size and stress
are the major causes of hysteresis width. Stress can occur due to two reasons, one is external which
occur due to thermal expansion mismatch of VO thin film and substrate and other one is internal

which mainly occur due to voids, grain and boundaries etc. of VO2 nanostructures itself. From
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our observation both moderately crystalline and Highly crystalline VO2 nanostructure thin films
have similar optical performance in terms of optical modulation around the phase transition
temperature, therefore for further measurement and studies, we have employed moderately
crystalline VO. / PVP composite due to ease to synthesis method in the air ambient environment.
Figure 3.10 demonstrating the effect of VO thickness on optical transmission performance. As
observed VO, thickness has strong influence on transmission performance on transforming from
monoclinic to rutile state in IR region. In figure 3.10 we have optimized the film thickness and by
measuring its thickness with FESEM cross sectional image. The Inset of Figure 3.10 (a) showing
the thickness of the films used which is around 110 £ 10 nm. The film undergo transmission
modulation of around i.e. AT ~ 14 %. Upon increasing the film thickness by reduce the spin coating
speed to 3000 rpm, the film thickness of 150 + 10 nm is formed as shown in the inset of figure
3.10 (b) exhibiting transmission modulation of around AT ~ 9 % with increase in temperature
from 300 K to 380 K respectively.
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Figure 3.10 (a) Showing the transmission modulation of VO thin film on glass with thickness around 110
+ 10 nm and (b) showing the transmission modulation of VO thin film with thickness around 150 £ 10 nm
(inset showing the FESEM cross section of the thin films.

As there can be enhanced scattering in VO2 nanostructures in thick films which leads to

decrease in transmission with increase in thickness of VO3 thin film. Our results matches well with
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the previous reported literature where the thickness of VO film between 95 — 150 nm is exhibiting
the reasonably good transmission switching in IR region. For further studies we have optimized
the VO- thickness to be around 110 + 10 nm to employ over 1D Photonic crystals tuned in Infra —

red region.

3.3.4 The temperature dependent performance of VO2/ 1D Photonic crystal

The hybrid structure of Vanadium Dioxide incorporated with 1D Photonic crystal is

illustrated in Figure 3.11 below.

White light

50“'@ detector

(a)

4= V0,
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Figure 3.11 (a) showing the schematic diagram of VO, /1D photonic crystal structure in reflection
measurement mode illuminated with white light source.

Photonic crystal structures are the key component among advanced optically engineered structures
for photovoltaic applications such as absorption enhancement. The goal of the above design is
twofold: first it decreases the light reflection at the top surface as it allowed particular wavelength

of light to get reflected. Second, this structure provides sufficient photon path, or lifetime, within
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he absorbing material. Figure 3.13 (b) shows the optical transmission of DBR which is 40 %
transmitting and central wavelength of stop band tuned at Ao ~ 1350 nm. DBR s fabricated with
periodicity of four stacks of SiO2 and TiO2 material. As already discussed, Periodicity is the reason
which leads to the formation of Photonic Stop Band which leads to ~ 0 % transmission for certain
desirable wavelength of light. Since both SiO2 and TiO> have high transmission in entire
wavelength spectrum with very high melting point, these properties make this material a potential
candidate for Photonic Crystal fabrication for smart window application. On employing the VO
layer over 40 % transmitting DBR, the optical transmission further reduced to 30 %. With decrease
in transmission there is slight shift of ~ 60 nm of the transmission spectra towards the higher
wavelength i.e. from 1350 nm to 1410 nm. The overall decrease in optical transmission is ~ 25%
as compared to the optical transmission of VO3 thin film fabricated over glass. Now as the
temperature increases, the optical transmission of VO, further decreases ~ 20 % at temperature
380 K. The decrease happens in the broad wavelength of spectrum i.e., from 1250 — 1550 nm.
Therefore, even few stacks of the distributed Bragg reflector are capable of achieving reasonably
good amount of reduction in optical transmission. Hence this VO2/DBR design can be highly
effective for hybrid optical absorbers for application in thermochromic based smart glass

technology.

Now, by increasing the number of periodic stack to a certain number, we can achieve ~
100 % reflecting DBR. As we have already discussed in the introduction upon increasing the
periodic stacks in the Distributed Bragg reflector can increase the reflection to 100 % efficiency
or by increasing the contrast between refractive index between periodic layers, will also increase
the reflection as well bandwidth of the stop band. Figure 3.12 is showing the simulated reflectivity
curves with different periodic layers,
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Figure 3.12 Showing the simulated result of reflection of Bragg reflector tuned at 1600 nm with varying
the no. of periodic stacks.

Therefore, from figure 3.12, increasing the number. of periodic stacks for a certain refractive index
contrast not only lead to increment of optical reflection but also its lead to relatively sharper stop
band as the number of stacks increases. This kind of DBR’s will be beneficial for optoelectronic
devices to increase the mono-chromaticity of the emitted light. Thus, Bragg reflector with nearly
10 % transmission with consecutive reflection of nearly ~ 98 % is fabricated by increasing the
SiO/TiO2 periodic stacks from four to seven with central stop band wavelength Ao ~ 1600 nm as
shown in Figure 3.13 (b).
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Figure 3.13 (a) showing the optical transmission of Bare DBR with 40 % transmission and central stop
band wavelength A, around 1300 nm employed with MC VO, thin film. The optical transmission decreases
significantly from 34 % to 20 % with increase in temperature to 380 K along with slight red shift of 60 nm.
(b) showing the transmission spectra of nearly 90 % reflecting DBR with transmission near to 10 % tuned
at 1580 nm. As the temperature increases from 300 K to 380 K, the transmission reduced to 0.6 % along
with red shift of the spectra. The inset figure showing the transmission change in the stop band with
calculated fractional change in transmission Tsgox/ Ts0ok ~ 2 though the range of wavelength. And (c) is
showing the consecutive change in reflection with increase in temperature of VO./DBR structure.

Figure 3.13 (b) VO2/DBR structure, when the temperature increases to 380 K, the optical
transmission reduces to 0.6 % and the stop band wavelength red shift to 1668 nm. Therefore, by
increasing few stacks can lead to complete reduction of optical transmission with nearly 100 %
reflection, 1-D photonic crystal based VO thin films can achieve effectively near to unit
absorption at the tuned wavelength. Therefore, it is quite evident that number of periodic stack
plays crucial role in absorption enhancement. In Figure 3.13 the reduction in optical transmission
in the Bragg reflector stop band is not clearly visible. But the fractional transmission change which
IS ~ Tagok / Taook nearly ~ 2 in the entire wavelength region. The figure in inset clearly showing
the reduction in transmission with increase of temperature above 340 K. The consecutive reflection
spectra of VO2/DBR structure is shown in Figure 3.13 (c). At temperature near to room
temperature i.e., 300 K the VO2/DBR structure has ~ 30 % reflectivity. And with increase in
temperature, the reflectivity of the structure further decreases to ~ 15 % correspondingly in the
infra-red region. As Our measurements of transmission and reflection with increasing temperature

are done on our home build set up, we have also measured these spectra with Shimadzu UV 3600

83|Page



Plus integrating sphere at room temperature to keep the account of both specular and diffusive

reflections and optical scattering which is an important parameter in absorption measurements.
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Figure 3.14 showing reflection measurement of VO2/DBR structure with and without integrating sphere.

As shown in Figure 3.14, the specular reflectivity spectra on our home build set up have
relatively sharper and more characteristic features of the DBR. Whereas, the reflectivity spectra of
the same structure of VO2/DBR have broader spectrum with suppressed DBR features. And the
intensity of the integrated sphere reflectivity measurement is relatively higher in case of reflectivity
spectra on our home build set up. Whereas, no such intensity difference is observed in the
reflectivity spectra of the bare DBR taken from the both setups as shown in Figure 3.14 (b).
therefore, this indicated that reflectivity measured with Integrating sphere of VO2/DBR structure
has the substantial influence of diffuse reflection and optical scattering. Although the theoretical
calculation of reflection and transmission coefficient of VO2/DBR structure [36] does not included
any consideration about the effect of diffuse reflection and scattering parameter. Therefore, the
data presented in this thesis is analyzed with specular reflectivity set up in our lab. Therefore, the
above results are significant to show that there is an effective enhancement in absorption of
VO./DBR structure assuming there are no significant scattering losses. Figure 3.15 (a) and (b)
both showing the slight red shift in wavelength with angle dependent transmission and reflection.

The possible reason of this shift could be the additional layer of VO2(M) over the Bragg reflector.
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Due to this addition layer the overall optical thickness of the Bragg reflector changes which can
causes the shift of the optical interference reflected from the VO2/DBR structure towards the higher
wavelength [37]. The red shift in the above plots can also be explained by the Matlab simulation
curve based on transfer matrix calculations [38,39]. Figure 3.15 shows that non uniformity of VO-
thin film leads the deviation in effective refection angle of the incident light towards the lower

angles from the normal, hence causes a red spectral shift in the reflectivity and transmission

spectra.
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Figure 3.15 showing the transfer matrix based calculation for VO./DBR structure (a) angle dependence
transmission and (b) angle dependence reflectivity.

The transfer matrix calculation for non-normal incident angle has shown significant red
spectral shift for light refracted at lower angle of incidence. while calculating reflection and
transmission coefficient from transfer matrix method, the refractive index of VO is assumed to be
~ 2.3 at the wavelength of 1600 nm. Also the scattering losses are not considered while calculating
transmission and reflectivity parameter from TMM calculation. Therefore, here we are assuming
angle dependent reflectivity and transmission are the reason of red spectral shift with s-polarized
light incident at lower angle in the VO2/DBR structure. As we have performed our experiment by
keeping angle of incidence ~ 30°. It is highly likely, that the non-uniformity of VO, thin film
surface causes the change in effective refraction angle of the incident light which transverse from
the VO3 thin film and goes into DBR and shift the whole transmission spectra towards the higher
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wavelength. As our experiment are also performed at some angle deviated from the normal, we
are assuming the right explanation of spectral shift is due to bending of light when passing through
the VO_ thin films during our specular reflectivity measurement. As we have neglected the optical
scattering contribution in our analysis which can also contributes due to non-uniform surface of
VO thin films. However, it is quite complex to take the account of optical scattering and it require
the more complicated analysis of Kubelka-Munk [40] which is out of context of this thesis and the

present findings.

3.4 Summary

In summary, optical absorption enhancement of VO,/1-D Photonic crystal structure by
employing VO thin film over SiO2/TiO, based Bragg Reflectors tuned in IR region is
demonstrated experimentally. Here, we have reported regulated optical transmission and reflection

based on MIT of VO nanostructures.

VVO2 nanostructures have been synthesized by thermolysis at temperature of 190°C of
vandyl complex in the air ambient. Highly crystalline VO nanostructures were synthesized by
post annealing of moderately crystalline structure at 650 °C in argon atmosphere. For both MC
and HC VO2 nanostructures high temperature XRD confirms the phase transformation from
monoclinic to rutile at and above 340 K respectively. VO thin films fabricated with PVP
composite exhibits optical transmission of ~ 14 % and ~ 10 % for MC and HC VO/PVP thin films
respectively. VO thin films with both crystallinity exhibits nearly similar transmission. Therefore,
for the ease of synthesis in air environment which does not require high temperature annealing,
MC VO, is employed for the further experimental study. It has been observed that DBR fabricated
with four periodic stacks of SiO2/TiO- able to obtain the ~ 20 % change in optical transmission.
Upon increasing the periodicity of the stacks from four to seven has transmission of DBR ~ 10%
with quite high reflection in stop band tuned around 1600 nm. Therefore, this controlled fabrication
is very important parameter for designing a smart window with optimal number of layers for

desired optical effects.

On casting MC - VO over a high quality DBR with ~ 90 % reflection, there is nearly 100
% decrease in the optical transmission i.e. it reaches to 0.6 % at the temperature of 380 K with the
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corresponding decrease in reflection with increase in temperature in the infra — red region of
wavelength. This makes these hybrid VO2/1D Photonic crystal based structure a potential
candidate for Vanadium Dioxide based temperature regulated thermochromic absorbers for smart
window applications and IR based sensors. Moreover, our hybrid design is more practical and
simpler to implement even for large scale production as synthesized MC VO can be synthesized
with an ease in large quantity. The robustness of 1-D Photonic crystal fabricated could be easily
implemented even for retrofitting applications. Further works in this direction is continued in
chapter 4. There we have tailored the transition temperature of VO2 by simple synthesis protocol
using dopants. This will be useful for more advance applications to incorporate suitably doped
VVO> along with flexible 1D Photonic crystals made on flexible substrates tuned in the the entire

IR wavelength even near to room temperature.
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Chapter 4
Chapter 4

W - Doped VO2 nanostructures incorporated with tunable 1-D
Photonic crystal as flexible Photo absorbers

4.1 Introduction

As discussed in chapter 1, Vanadium Dioxide VO2 (M) is a well-studied material which
exist in various complex polymorphs such as VO2 (M), VO2 (R), VO2 (B), VO2 (A), VO2 (C), VO:
(D) and VO (P) [1]. Out of all these polymorphs, VO2 (M/R) Phase is widely studied which shows
reversible semiconductor to metallic transition around the temperature of 340 K [2]. Similarly, we
have also briefly discussed in the chapter 3 that this transition occurs due to change in
crystallographic variation in lattice upon reaching a certain temperature. Hence, semiconductor
phase of VO3 exists when lattice is in monoclinic phase which transmits the Infra-red (IR)
radiations and the high temperature rutile phase, which is metallic in nature, reflects the IR
radiations. This reflection of IR light by the metallic phase coated over glass substrate doesn’t
provide a reflection efficiency of more than 30% to 40%. To make it more efficient for practical
design for smart glass industry, we have employed VO2 (M) with tuned crystallinity, using its
changing optical properties around temperature of 68°C along with a 1-D Photonic crystal
structure. This 1-D Photonic crystal can regulate the selective wavelength of light by reflect it with
~ 100 % efficiency. So far VO2(M/R) material is the only candidate which also come under the
class of correlated material shows MIT (metal to Insulator transition) behaviors at such low
temperature. But 68 °C is still quite high temperature for the various practical applications for
commercial purpose in smart glass industry for smart window panel applications to contribute
significantly in efficient building plans [3, 4]. However, this transition temperature can be reduced
to room temperature by doping vanadium precursor with large ionic radius and high valance
metallic ions than V**. Most frequently used dopant for this purpose are tungsten and molybdenum
as they induce very large change in transition temperature even with small doping concentration
[5]. There are various methods which can be used to synthesized W - doped VVO2(M) nanostructure.

These are high cost chemical vapor deposition [6], magnetron sputtering [7], pulsed laser
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deposition [8] and physical vapor deposition [9] etc. There are chemical routes which can be
followed to synthesize pure VO2 nanostructures. Sol gel method [10], homogenous precipitation
[11] method and hydrothermal method [12] are the few examples of chemically assisted synthesis
of VO2 nanostructures. All these hydrothermal methods can be used to make high purity VO2
nanocrystals due to ease of synthesis and can be used for large scale production due to low cost of
these synthesis methods. VO with various morphologies can also be synthesized using this
method. One of this method involves the sealed autoclaves in which reaction is conducted at
relatively high temperature under high pressure which leads to oxidation-reduction of reactions,
along with precipitation and recrystallization. VO2 synthesized with this method actually offers
better crystallinity and crystals with few defects and have enhanced thermochromic properties.
However, it was also noted that the quality of VO. thin films fabricated by dispersing Vanadium
Dioxide nanoparticles into the polymer assisted resins can also perform equally well as compared
to costly processes mentioned above. In this report, we have employed one step hydrothermal
method and used vanadium precursors along with tungsten dopant to reduce the MIT transition
temperature. Tungsten due to metallic nature, with ionic radius larger than V#* ion, breaks the
direct bonds of V-V ions, as a results there is formation of V** and W®* ionic pairs [13, 14]. This
causes the required reduction in the transition temperature for useful applications. Besides, there
are theoretical calculations [15] which justify decrease of Tc with tungsten and molybdenum

dopant with VO2 nanostructures.

Flexible 1D Photonic crystal is the key component for flexible electronic and has various
applications in thermal energy efficient devices [16]. Photonic crystal based structure can be used
here to enhance the effective optical absorption. It is, therefore, utilized in many such application
as optical absorbers [17]. There are various reports where 1-D Photonic crystals can act as back
reflector or an absorptive medium for various luminescent materials [18], hence structure based
on flexible 1D Photonic crystal is an important component for smart glass applications such as
smart windows or doors in buildings for energy saving purpose [19]. Optical sensors designed with
VO, layers sandwiched between two Bragg reflector has already been reported [20]. There are
reports on smart windows which employs flexible polymer based 1D Photonic crystals [21,22].
Polymer based 1D Photonic crystals has limitations in fabricating uniform reflective surface, as
spin coating over large area substrates are quite difficult. In this Chapter, we will report flexible
1D Photonic crystal fabricated over 5mm thick PET substrate with magnetron sputtering. We have

92| Page



fabricated high quality 1D Photonic crystal with few layers of SiO./ Ta;Os We have fabricated
thin films having uniform sputtered over large area with high reflectivity, which will serve the
purpose of making smart windows working more efficiently as it also offers retrofitting of
windows. There have been theoretical predictions of VO: hybridized 1-D Photonic crystal
structures that can enhance Infra-red absorption [23], Chapter 3 gives experimentally modified
design of the theoretical predication [24, 25] however, that design also have few limitations for
practical implementation. In this chapter, we are implementing a further improved design with
flexible 1D Photonic crystals which can be tuned at IR wavelengths by fabricating SiO2/Ta>Os
based alternating layers on a PET substrate and employing tungsten doped VO2 nanoparticles over
it. In this chapter, we have implemented VO2(M) and tungsten doped VO2(M) over flexible 1-D
Photonic crystal and observed significant change in optical transmission and reflection even near
to room temperature. On incorporating W - VO over 1-D photonic crystal, the optical transmission
almost vanishes in the stop band region of the photonic crystal, with corresponding decrease in
reflection. Both optical transmission and reflection measurements are carried out at varying
temperatures. We observed a definite optical absorption enhancement in W - VO, over 1 - D
photonic crystal structures fabricated over PET substrates. Therefore, we propose that these
flexible hybrid structures provide more practical design for smart glass industry. As a result, this
hybrid structure is a suitable design for smart windows in building and automobiles which can also

be retrofitted over existing glass windows as well.

4.2 Materials and Methods for synthesis

4.2.1 Chemicals and material Used

All chemicals are used as purchased without any further purification. Vanadium Dioxide
sulphate (VOSOs, 99%, Sigma — Aldrich), ammonium tungstate ((NH4)10W12041.xH20, Sigma —
Aldrich), sodium hydroxide (NaOH, 99%, Sigma — Aldrich), ethanol and polyvinylpyrrolidone
(PVP, Sigma — Aldrich) and de — ionized water, Silicone Dioxide (SiO2) and tantalum oxide
(Ta20s) sputtering targets of 0.25-inch thickness and 2-inch diameter, Pre cleaned microscope
glass slides (J. Melvin Freed Brand) and Polyethylene terephthalate (PET sheet, 5 mm thickness)
sheets.
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4.2.2 Synthesis Procedure of VO2(M) and W- doped VO2 (M) nanoparticles

To synthesized VO, and W - doped VO nanoparticles, a modified facile hydrothermal
method is followed. In a typical chemical reaction, we synthesized pure monoclinic VO
nanoparticles. In 20 ml of deionized water, 20 mmol of vanadium oxide sulphate was added and
dissolved completely by constant magnetic stirring. To obtained solution 10 M Sodium hydroxide
(NaOH) solution was added dropwise till the solution pH reached to 9.0. The solution was then
centrifuged several time to yield a brown slurry. The obtained slurry was further added and mixed
into 15 ml of deionized water. Finally, the resulting brown solution was transferred into 20 mi
Teflon line stainless steel autoclave. The autoclave is tightened and kept into pre-heated oven at
260 °C for 8 hours. After the reaction took place, the autoclave was allowed to cool down
completely to room temperature. A black precipitate is collected, the isolated precipitate was
centrifuged with deionized water and ethanol at least three times and the product obtained after

subsequent washing was dried at 60 °C in an oven for at least 12hrs.

To synthesize the tungsten doped VO nanoparticles, appropriate amount of ammonium
tungstate with different atomic percentages is added in the above synthesis method to produce W
- doped VO nanoparticles. Here, we have synthesized 0.7 — 1.3 at % W - doped VO, samples.
Ammonium tungstate was added to the 15 ml of deionized water, for complete dissolution it is
magnetically stirred for 30 min at 70 °C. Brown slurry was added to the above solution after it
cooled down completely and stirred for another 30 min, then transferred into the autoclave which
is kept at 260 °C for 8 hours. By changing the atomic ratio of ammonium tungstate, different

composition of tungsten doped VO2 (M) nanoparticles are obtained.

4.2.3 Calculation of atomic ratio for tungsten doping concentration
Molecular weight of Ammonium tungstate = 2956. 30 amu
Atomic weight of tungsten = 183.84 amu

Each ammonium tungstate contributes 12 tungsten atom
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Weight of vanadium oxide sulphate taken = 3.26 g
Therefore, required amount of ammonium tungstate to be taken for 1.1 at% of W =
= (2956.30 x 35.8) / 2196

~ 48 mg

4.2.4 Fabrication and characterization of Distributed Bragg Reflectors

SiO2/ Ta20s deposited alternately to fabricate periodic stacks using Moorefield’s Minilab
ST80A magnetron sputtering deposition system. 0.5 x 0.5 cm? glass and PET substrates are used
to fabricate DBR’s in Infra-red range. Before the deposition, the base pressure of the sputtering
chamber was noted around ~ 1 x 107 mbar. While fabricating SiO2 and Ta.Os the sputtering
chamber was kept at 7.0 x 10" mbar. Profiliometer (Veeco, Dektak 150) was used to calibrate the
thickness of SiO, and Ta>Os layers. Four Bragg reflectors over PET substrate with stop band
central wavelength are tuned at Ao ~ 1530 nm, 1560 nm, 1680 nm and 1615 nm respectively. Bragg
reflectors fabricated over glass substrate, the central stop wavelength is chosen to be Ao~ 1530 nm
and 1560 nm with four and seven stacks of SiO2/Ta20s. Thickness of individual layer of Bragg
reflectors is chosen to be quarter of the stop wavelength i.e., d = A/4n, therefore, all the Bragg
reflectors fabricated here are quarter wavelength stacks with angle of incidence assumed to be
normal. Here, A is the central wavelength of the stop band, n is the refractive index of the materials
used i.e. nsio>— 1.45 and nta20s— 2.13 respectively. Therefore, thickness for DBR tuned at 1530 nm
are calculated to be dsioz~ 264 nm and drazos~ 180 nm and for DBR tuned at 1560 nm the
thicknesses were calculated as, dsio2 ~ 270 nm and dra20s~ 185 nm respectively. All thickness was
calibrated experimentally using the Profiliometer. For Bragg reflectors fabricated over PET, the
thicknesses are calibrated as follows - for Ao ~ 1615 nm, dsio2 ~ 290 nm and dra2os~ 200 nm and
for Ao ~ 1680 nm, dsio2 ~ 280 nm and dra2o5~ 190 nm respectively. Fabricated 1D Photonic crystals
over PET and glass both have comparable surface roughness of about + 2nm as measured with
AFM. Therefore, 1 D photonic crystals fabricated over PET substrate were quite uniform over

large area of the substrate.
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4.2.5 Fabrication of VO2/PVP and W-VO2/PVP composite thin film

To fabricate thin films of VO2 and W-doped VVO2 along with Polyvinyl Pyrrolidone (PVP)
composite over glass and PET substrate, the as-synthesized VO, and Tungsten Doped VO
nanoparticles were first grinded into a fine powder and then dispersed into PVP. The Molecular
weight of the PVP used was nearly 10,0000. To disperse VO, and W- doped VO nanoparticles
into Polyvinyl Pyrrolidone (PVP), the ratio of nanoparticles with PVP is kept to be 1:4. Some
different concentration ratio of W-VO, and VO, with PVP also tried but the best results of
transmission modulation are observed with 1:4 ratios only. Therefore, one part of VO, and W -
VO. nanoparticles were added to 4 part of PVP and mixed with 1 ml of ethanol for at least 12
hours to form a uniform slurry. The obtained slurry was later spin coated over glass and PET
substrate and dried at 70°C for 5hrs. Uniform films of VO, and W - doped VO, with PVP
composite were fabricated over glass and PET substrate of size 0.5 x 0.5 cm?. The amount of VO/
PVP and W-VO_/ PVP is same in all cases to fabricate thin films i.e. 60 ul of slurry is used to
fabricate all thin films. Thickness of the films are calibrated by changing the speed of spin coating.
The film thickness over the PET substrate is found to be ~ 160 + 10 nm. which is calibrated at the

spin coating of 3500 rpm measured with FESEM cross-section as shown in Figure 4.1 below.

Figure 4.1 Showing the FESEM cross sectional image with VO thin film deposited with thickness of 160
+ 10 nm.

While preparing the thin films over the PET substrate, PET substrate was subjected to rigorous
surface treatments to ensure the good adhesion of the thin films. PET substrate was first cleaned
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with IPA through sonication before use. Also these substrates are quite robust and can survive the
temperature of 150°C. This factor is very important for heating performance of PET substrate as s
as these are heated and cooled several times during the experiments. We have also provided the

specification of PET bought from Sigma-Aldrich in the material section above.

4.3 Structural characterization of VO, (M) and W — doped VO»(M)
4.3.1 Morphological analysis of VO2 (M) and W - doped VO2 (M) nanostructures

VO2 (M) and W - doped VO2 (M) synthesized by one step hydrothermal method indicates
irregular morphologies as shown in Figure 4.2.

-

Figure 4.2 (a) and (d) representing the FESEM images of the Pure VO, and 1.1 at % W-doped VO,
nanostructures. With (b) and (e) showing the TEM images of Pure VO, and 1.1 at % W-doped VO,
nanostructures clustered together along with fig (c) and (f) representing the High Resolution TEM lattice
fringes of both Pure VO, and 1.1 at % W-doped VO, nanostructures, inset including the SEAD pattern and
fig. (9), (h) and (f) showing the elemental mapping of EDS indicating the uniform distribution of elements
O, Vand W at 1.1 at % W-doped VO nanostructures only.
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Both pure VO2 (M) and tungsten doped VO (M) nanoparticles exhibits Nano rod like
morphologies. The size of rods varies from 70 to 100 nm. However, few of these rods are uneven
in length as shown in FESEM images of Figure 4.2 (a) and 4.2 (d). There is no significant
difference between the morphologies pure VO, (M) and tungsten doped VO2(M) nanostructures
was observed. As shown in Figure 4.2, figure 4.2(c) and 4.2(f) are showing the HR TEM images
of Pure VO, (M) and W-doped VO2(M), Pure VO2(M) displaying the lattice fringes spacing of
0.324 nm which is associated with (011) plane of monoclinic phase of VO2(M). HR TEM images
of W- doped VO has the lattice spacing of 0.312 nm and the associated plane to this spacing is
(110). These results are in good agreement with the reported rutile phase of the VO.. It is also
evident that the rods are favored to grow in the direction of plane along (110). The formation of
clear fringes in high resolution TEM images is a good indication of good crystallinity of as
synthesized VO2 nanostructures. Whereas, in tungsten doped VO2, we don’t see any lattice fringe
belonging to WOs in the HRTEM image. Therefore, this clearly indicates the complete
incorporation of tungsten atoms into the vanadium dioxide crystal lattice and transforming it into
rutile structure even at room temperature [26]. To know the tungsten is doped uniformly and
homogenously into vanadium dioxide, Figure 4.2 (g) — (k) showing the EDS elemental mapping
also known as Energy Dispersive X-ray spectroscopy as discussed in Chapter 2. EDS of W-doped
VO nanostructure represent the elemental mapping of W, O and V respectively. The elemental
mapping clearly indicates that the tungsten is homogenously doped into vanadium Dioxide. Figure

4.3. Showing the elemental mapping of Pure VO along with the atomic ratios.

(b) Element Weight% Atomic%
oK 33.16 61.23

VK 66.84 38.77

Totals 100.00

Figure 4.3 (a) and (b) are atomic ratio of Vanadium and oxygen in Pure VO, and (c) and (d) are elemental
distribution of vanadium and oxygen in Pure VO, (M).

Therefore, both FESEM and TEM images giving the morphological evidences of complete

incorporation of tungsten into vanadium dioxide lattice. In general, the physical properties of VO-
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material are highly dependent upon this morphology due to surface and size effects [27, 28].
Although there is no unified general rule which can relate the morphology to their physical
property of nanostructure. Nevertheless, inducing a dopant into the material will causes the strain
in the crystal and changed surface or interfacial energy leads to increase in surface to volume
ratios. Still we do not see any morphological change between Pure VO; and 1.1 at. % W- doped
VVO2 nanostructures. Therefore, from our observation it is difficult to give an exact explanation for
the observed random morphologies of both nanostructures. Although there are differences in
crystallinity of VO2 and 1.1 at. % W - VO2 nanostructures which clearly indicated as XRD peak

splitting. This will be discussed in the next section.

4.3.2 Structural analysis of VO2 (M) and W - doped VO2 (M) nanostructures

XRD diffraction pattern of pure VO2 (M) with different atomic ratio of tungsten doped VO-
(M) nanostructures are shown in Figure 4.4. Pristine VO (M) diffraction peaks are in good match
with standard XRD pattern of VO2 in monoclinic phase with JCPDS: 82 — 0661. As we have
already discussed the doping the suitable amount of tungsten in VO2(M) expedite the formation of
rutile phase VO(R) at the room temperature itself. XRD diffraction peaks of 1.1 at. % W - VO»
nanostructure are in good match with JCPDS: 79-1655 of rutile phase. XRD pattern of doped VO
nanostructure clearly indicating the absence of tungsten and its derivative peaks. Therefore,
confirming the incorporation of tungsten atoms in the VO lattice completely. One of the indication
of transformation from monoclinic to rutile phase with doping is the shifting of diffraction peak at
27° toward the lower angles. This shifting is due to the substitution of W®* ions in the vanadium
dioxide lattice. According to the Bragg’s law, as the tungsten ion is larger in size than the vanadium
atom, the calculated inter-planar distance will increase hence, this results into the shifting of peak
as shown in Figure 4.4 (b). vanadium dioxide lattice will expand and it undergoes notable amount
of tensile stain when doped with tungsten atoms [29]. Due to this tensile strain there is structural
phase transformation from the monoclinic to rutile even at room temperature which lead to the
change in the unit cell dimension. For Pure VO, (M) nanostructure, the highest peak is at 20 =
28.15 with corresponding lattice plane (011) having the d — spacing of 0.324 A°. Upon optimal
doping of tungsten with 1.1 at. %, the highest peak will be shifted to 26 =27.86 and the d spacing

is measured to be around 0.312 A°. No XRD diffraction peak corresponds to ammonium tungstate
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or any other tungsten impurity in XRD is the clear confirmation of formation of VO (R) phase
even at the room temperature. From figure 4.4 (b) it is quite evident that optimal doping for
obtaining VO2 (R) phase is 1.1 at. %.
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Figure 4.4 Representing the XRD diffraction pattern of Pure VO2(M) and W-VO, (M) with concentration
of tungsten as an dopant with (b) giving the magnified view of the highest and the characteristic peak which
is at 20 = 28.15° with corresponding lattice plane of (011) M1 phase shift towards the lower angle i.e. 260
= 27.86° which corresponds to (110) R1 Phase.

To further characterize and confirm the phase transformation of VO2 monocline to VO
rutile with doping we have performed high temperature in situ XRD measurement for Pure VO
(M) and 1.1 at. % tungsten doped VO nanostructures. HT — XRD of Pure VO2 (M) is shown in
Figure 4.5 (a) clearly indicating the structural transformation from monoclinic VO2(M) to rutile
VO> (R) at and above the temperature of 68°C [30]. Below the temperature of 68 °C, XRD peaks
were matching with monoclinic phase (JCPDS: 82 — 0661) and as the temperature increases above
68°C, the XRD peaks are in good match with rutile Phase of VO3 as confirmed by JCPDS: 79-
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1655. Apart from this, there is significant shift in highest intensity peak in range of 26°< 26< 29°,
with increase in temperature is observed. Along with peak shift, the (011) miller plane associated
with monoclinic phase of VO transforms into (110) rutile plane of VO, Phase. In addition, there
is splitting of single peak around 65° into double peak in the range of 64°< 26< 66°, upon
increasing the temperature, the single peak at 68° below transition temperature corresponds to
(310) M plane of monoclinic phase, and above the phase transition, the twin peaks corresponds to
(130) R and (002) R rutile planes. Therefore, HT-XRD confirms the phase transition from
monoclinic to rutile phase above the transition temperature of 68°C.
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Figure 4.5 Representing the High temperature XRD of Pure VO, (M) with (a) showing the shift in the
highest intensity peak in the range of 27°<20<28°with temperature increase above transition temperature
of 68°C and (b) showing the XRD of Pure VO, nanostructure with increase in temperature and (c) showing
the gradual splitting of the single peak corresponds to (130)M plane of monoclinic phase into doubly peaks
corresponds to (002) R and (310) R planes associated with rutile phase.

Figure 4.6 representing the high temperature XRD of 1.1 at. % tungsten doped VVO2 nanostructure.
Figure 4.6 (a) showing the highest intensity peak with increase in temperature and no shift of peak

is observed with increase in temperature. The single peak around 65° splits into two peaks in the

range of 64°< 26< 66° just above the temperature of 30 °C. These are significant evidences to
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show that 1.1 at. % tungsten doped VO2(M) is already in the rutile phase around the room

temperature.
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Figure 4.6 representing the High temperature XRD of 1.1 at.% tungsten doped VO, nanostructure (a)
showing that there is no shift in the highest intensity peak in the range of 27° < 20 < 28° with increase in
temperature and (b) showing the XRD pattern of 1.1 at. % doped W-doped VO2(M) both below and above
the transition temperature and (c) showing the gradual splitting of single peak corresponds to (130) M
monoclinic phase into double peaks corresponds to (002) R and (310) R planes of the rutile phase above
the 30°C.

Hence, 1.1 at. % tungsten doped VO2(M) thin films with PVP is employed on PET and glass

substrate for further optical analysis along with Pure VO for comparison.
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4.4 Optical analysis of VO, (M) and W - VO»(M) thin films

As shown above, Tungsten doping into VO2 (M) nanostructure is an effective way to
reduce the transition temperature from 68°C to room temperature. From our observations and
analyses, it is found that 1.1 at % for W- doping is the best performer among all the doping atomic
concentration. The Figure 4.7 (shown below) clearly indicates that 1.1 at. % doped W-VO:
transmission spectra is already in lower IR transmitting state as compared to other doping

concentrations.
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Figure 4.7 Representing the transmission spectra of Undoped VO, (M) , VO2(M) with 0.7 at. % doping
and VO2 (M) with 1.1 at. % doping concentration respectively.

Now optical transmission spectra of 1.1 at. % W — doped VO thin films with Undoped
VO thin films for comparison is shown in Figure 4.9. The inset represents the reversible thermal
hysteresis while increasing and decreasing the temperature. It has been observed that for undoped
VO optical transmission modulation of VO2 thin films i.e. AT ~ 16 % with increase in temperature
from 300 K to 380 K and for 1.1 at. % W - doped VO the transmission modulation is found to be
AT ~ 7 % with increase in temperature. The thickness of thin films with PVP composite was

measured with FESEM cross section imaging as shown in Figure 4.1 above. To make the films of
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equal and uniform thicknesses, equal amount of sample is taken in all cases i.e. 60 ul. The thickness
of the films are measured to be ~ 160 = 10 nm. The thin films are fabricated via spin coating the
VVO2/PVP slurry over the PET and Glass substrate as shown in Figure 4.8. But as PET substrates
offer flexibility so further measurements were carried out on PET substrates. From Figure 4.8 (a),
the undoped VO_ /PET structure showing the transmission around 73 % at the temperature of 300
K, with increase in temperature, there is significant change in transmission of the VO,/PET thin

film around the temperature of 340 K.
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Figure 4.8 (a) Representing the transmission spectra of undoped VO, /PVP thin film over glass substrate
and (b) showing the transmission spectra of un doped VO./PVP over PET substrate with increase in
temperature from 300K to 370K, both films showing the nearly equal transmission modulation of ~ 16 %
with increase in Temperature.

The transmission of the thin film decreases to 57 % when temperature reaches to 370 K at
wavelength 1730 nm, hence the calculated optical transmission modulation at wavelength of 1730
nmis (AT) ~ 16 % with increase in temperature from 300 K to 370 K. Therefore, the as synthesized
undoped VO2 (M) nanoparticles has a phase transition around the temperature of ~ 340 K with
good optical transmission modulation as the phase transforms from monoclinic to rutile and is
matching well with the previous reported literature [30]. Similarly, for 1.1 at. % W-doped VO-
thin film, the transmission drops from 43 % to 37 % with increase in temperature from 300 K to
370 K, therefore the calculated optical transmission modulation is (AT) ~ 7 % which is a notable

change in transmission around and above the temperature of 310 K. From the inset figures, the
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optical picture of both undoped VO and 1.1 at. % W — doped VO, the thin films are visibly
transparent in nature. From the results it is quite evident that phase transition temperature for 1.1
at. % W — doped VO reduces from 340 K to 310 K as supported by the previous reports, tungsten
dopant promotes the slight distortion in vanadium dioxide lattice by forming the bonds between
V-V bond with W®* jons, which leads to the reduction of transition temperature [32]. However, if
the tungsten is doped in Vanadium dioxide lattice in higher amount, it leads to excess amount of

free tungsten ions which will hinder the phase transition temperature and VO (M) properties.
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Figure 4.9 (a) Showing the transmission spectra of undoped VO, with PVP over PET substrate with
increase in temperature from 300 K to 380 K, the transmission modulation of thin film is nearly AT ~ 16 %
at wavelength of 1735 nm along with inset showing the reversible hysteresis of transmission with increasing
and decreasing temperature and (b) showing the transmission spectra of 1.1 at. % tungsten doped VO, thin
film with transmission modulation of AT ~ 7 % with optical picture in inset along with reversible
temperature hysteresis.

Inset of Figure 4.9 (a) and (b) showing the reversible thermal hysteresis loop with increasing and
decreasing temperature of both undoped VOz and 1.1 at. % W - doped VO3 thin films. The thermal
hysteresis width of both undoped and doped VO thin film is calculated to be 0.04 at the
transmission wavelength of 1730 nm. The hysteresis width of the reversible thermal loop is quite
narrow. Narrow hysteresis width imputes, the small granular size of the undoped VO2 and tungsten
doped VO nanostructure. Also it represents good crystallinity of the nanostructures with good
thermal response of the film [32, 33]. From the optical analysis of VO2 and W - VO thin film

indicates the substantial transmission reduction in undoped VO thin films and 1.1 at. % W — VO
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thin films around the temperature of 340 K and 310 K respectively. Therefore, these thin films
with flexible 1D Photonic crystal tuned in IR region are an efficient way to enhance the optical
absorption. Therefore, further experiments are carried on glass as well as PET based DBR

substrates.

4.5 The Fabry — Perot type optical effect on W-VO-,/ 1-D Photonic

Crystal structure

The schematic in Figure 4.10 displaying the temperature dependent reflection and
transmission measurement of the Pure VO2z and 1.1 at. % W-doped VO incorporated with Flexible
PET based 1-D Photonic crystal.

Figure 4.10 Representing the schematic of W-VO, / 1D Photonic crystal structure in reflection geometry
along FESEM cross sectional image of SiO./ Ta,Os DBR fabricated over PET substrate.

Flexible substrate such as PET is a promising candidate to offer flexibility in order to maintain the
structural integrity if employed over the smart glasses such smart windows or smart doors etc.
Figure 4.11 (b) and (c) showing the PET DBR which has transmission ~ 40 % and it is fabricated
by alternately depositing SiO2/Ta20Os five stacks over PET substrate. The central stopband
wavelength of the tuned DBR is around ~ 1595 nm. 160 + 10 nm thick Undoped VO3 thin film is
spin coated over PET DBR. The optical transmission from the overall structure further reduces to
nearly 16% along with the red shift in the transmission spectra from 1595 to 1620 nm i.e. ~ 40nm
red shift in VO2/DBR structure. As we have already discussed in chapter 3, the possible reason of
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this optical shift can be the fabrication of extra layer over DBR due to which there is increase in
overall optical thickness of the structure which causes the overall interfere pattern from the
VO,/DBR structures to be shifted toward the higher wavelength when the light passes through the
overall structure [34, 35]. The undoped VO2/DBR/PET structure displaying ~ 46 % reduction in
transmission as compared to the film over VO2/PET structure. This transmission further reduces
to 14 % as the temperature increase to 380 K. This decrease in transmission occur in the wide
range of wavelength i.e. from 1400 — 1800 nm, although variation in transmission curves as the
temperature increases is not clearly visible in the stop band but the variation in transmission can
be significantly seen in side bands of the photonic crystal where photonic crystal capable of

transmitting substantially.
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Figure 4.11 (a) showing the transmission of undoped VO./DBR over PET substrate DBR is tuned at 1595
nm with transmission ~ 40 % on increasing the temperature to 380 K, the overall transmission through the
structure decreases to ~ 17 % with red sift of 40 nmi.e. from 1595 nm to 1630 nm respectively. (b) showing
the reflectance measurement from the overall structure with increase in temperature to 380K (c)
representing the DBR over PET tuned at central stop wavelength around 1610 nm and it transmission from
the structure reduces to ~ 1600 nm at 2100 nm along with (d) corresponding reflectance spectra of the
undoped VO2/DBR structure with temperature increases to 370 K.

However, we have calculated fractional change in transmission i.e. Tzgok/T3o00k in the entire
wavelength region and it is calculated to be ~ 2. Figure 4.11 (b) showing the corresponding
reflection spectra of the undoped VO2/DBR/PET structure. As the DBR is ~ 70 % reflecting in the
stop band as compared to the side bands, decrease in reflection with increase in temperature is

clearly visible in the stop band wavelength region as compared to the side bands. Therefore, the

108 | Page



optical reflection band significantly decreases ~ 30 % at and around the wavelength of 1595 nm
as the temperature rises to 380 K. whereas, the transmission in the side bands of the bare DBR is
nearly 90 % along with the reflection which is 50 %, consequently prominent variation in the
reflection with increase in temperature cannot be visibly observed in the side band of the reflection
measurement. We have calculated the fractional reflection change i.e. Raook /R3sok in the entire
wavelength region and it is calculated to be ~ 1.5 in wavelength raging form 1300 -1700 nm. There
iS one to one correspondence between the transmission and reflection measurement of
VVO,/DBR/PET Structure. Therefore, we concluded that even few stack of Bragg reflector was able
to enhance the optical absorption significantly of the undoped VO2(M) thin film.

Figure 4.11 (c) and (d) representing the reflection and transmission spectra of flexible
Bragg reflector tuned at stopband central wavelength at and around 1680 nm, the Bragg reflector

is fabricated with seven stacks of SiO»/Ta>Os over PET substrate.
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Figure 4.12 Showing the transfer matrix based transmission calculation showing red shift when incident
angle deviated from normal.

The fabricated Bragg reflector have ~ 16 % transmission and it further reduces to ~ 0.07 % in stop
band ranging from 1500 to 1800 nm after depositing VO- over it with the slight red shift of ~ 30
nm. The MATLAB simulation curves based on transfer matrix calculation method in Figure 4.12

above is showing the red shift when the incident light deviates from normal incident angle.
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Thereofre, incorporating the W- VO (M) thin film over flexible 1-D Photonic crytsal which is 100
% reflecting would lead to unit absorption enhacement around the room temperture itself,

therefore, this strcture is very benfifical for regulating solar heat flux.
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Figure 4.13 (a) showing the transmission spectra of W-VO, over flexible DBR tuned at 1515 nm having
transmission ~ 95 % . with increase in temperature the transmission modulation i.e. AT ~ 7 %, above the
wavelength of 1800 nm with the fractional change in transmission i.e. Tagox/Tasox ~ 1.4 which is calculated
in the entire wavelength region, along with inset showing the hysteresis with width of 0.02 and (b) showing
the corresponding reflectance of the W-VO./ DBR structure with increase in temperature along with inset
showing the hysteresis width of ~ 0.02 around the temperature of 320K.

Figure 4.13 (a) and (b) representing the tranmsittance and reflectance curves of 1.1 at. % W - doped
VO incorporated with flexible DBR. The fabricated DBRs have 95 % reflection in the tuned
wavlength region of around 1515nm (details of the fabrication process are given in section 4.2.4).
The tuned bragg reflector has ~ 5 % tranmission in the stop band region and is fabrictaed by
depositing seven stacks of SiO2/Ta20s alternatly. By employing W — doped VO over high quality
Bragg Reflector, the optical tranmission goes to nearly zero in the stop band region raging from
1300 to 1800 nm at room temperture itself. Although the change may not be clearly visible but the
fractional transmission change with increase in temperture is found to be Tzook/T3s0x ~ 1.4 in the
overall wavelength region. Figure 4.13 (a) Inset showing the hystersis of W — VO,/ DBR structure
which has a width of 0.02 at the transition tempeture of W-VO: i.e. at 310 K. Correspondingly,
Figure 4.13 (b) displaying the reflection spectra of hybrid W-VO2/DBR strcture with change in
reflection can be seen signficantly in the stop band region of the DBR as the Bragg is highly
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reflecting in nature around the stop band. Therfore, we observed the decrease in reflection from
26 % to 17 % as the temperture increases from 300 K to 370 K, but the relfection in the side band
is quite low to observe any change in reflection with increae in tempeture but the fractional change
in reflection in the entire wavelength region is found to be Ragox/Raoox ~ 1.5 which is same for side

bands as well as for the stop band wavelength region.
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Figure 4.14 (a) showing the optical image of Bended DBR substrate (b) showing the optical image of
bending VO film over DBR substrate with (c) showing the optical transmission performance of the same.

Figure 4.14 (a) and (b) showing the W - doped VO_/ DBR struture also subjected to compressive
bending and the optical transmission spectra of bended strctures is also shown in Figure 4.14 (c).
it is quite evident from the transmission spectra that film has retained its optical performance even
after it is subjected to bending. Therefore, our modifed design of regulating outdoor temperature
using W-doped VO./ DBR over flexible substate is proved to be quite robust and economical

model for smart glass applications as an optical absorber.

4.6 Summary

In the summary of this work, we have proposed an economical and optimal design for
smart glass application consisting of tungsten doped VO2 nanostructure incorporated with 1D
flexible Photonic crystal fabricated over PET substrate via magnetron sputtering of SiO2/Ta20s in
the IR region. We have experimentally demonstrated the nearly perfect extinction of IR with W-
VVO./DBR structure. High quality Bragg reflectors were fabricated with varying number of stacks

over PET substrate as it offers flexibility. The transmission properties of both pure VO, and W-
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doped VO_ were studied on both Glass and PET substrate. Good crystallinity VO2(M) and W-
doped VOo(M) were synthesized by the one step facile hydrothermal method. Structural
transformation of both VO, and W- VO, were confirmed by High Temperature XRD and room
temperature XRD to confirms that 1.1 at % is an optimal tungsten doping concentration. Thin films
of VO2 and W- VO with PVP composite gives good optical transmission performance. Therefore,
the transmission modulation of VO thin films ~ 16 % and for W-doped VO,, the optical
transmission modulation is found to be ~ 7 % with change in temperature from 300 K to 370 K.
1D Photonic crystal fabricated with four stacks of SiO2/Ta.Os able to give ~ 40 % transmission,
upon increasing the numbers of stacks to seven, the 1D Photonic crystal is able give ~ 5%
transmission with stop band tuned at 1680 nm, therefore, tuning the number of stacks can control
the transmission. On employing W — doped VO over the high quality 1D Photonic crystal, the
optical transmission of the W-VO,/DBR structure almost vanishes (0.005 %) in the wavelength
lies into stop band ranging from 1300 nm to 1800 nm even at the room temperature. Therefore,
these structures are capable of regulating the solar radiation and thermal emissivity in the IR
wavelength region. As these structures also offers flexibility therefore, this is an optimal design
for retrofitting of the existing windows as well. Hence, we have proposed a hybrid architecture of
W-VO; with flexible 1D Photonic crystal as a potential design for energy efficient and IR heat

shielding smart glass applications.
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Chapter 5

Chapter 5

1-D Photonic crystal hybridized Carbon dots for enhanced
Photoluminescence

5.1 Introduction

Material based on carbon such as graphite, diamond, carbon nanotubes and graphene
[1] are well known for their fluorescent properties. Carbon dot as such is all inclusive term which
includes many materials composed of Nano sized carbon. Carbon material with size less than 10
nm are termed as carbon dots [2]. This material possesses intrinsic fluorescence property [3] and
fluorescent properties can be manipulated by modification in their size and surface states [4]. In
general fluorescent materials based on carbon has sp?/sp? hybridized carbon [5], depending on the
chemical treatment, nitrogen, oxygen and other functional groups get attached with the carbon core
[6]. Carbon dots mainly includes Graphene Quantum Dots (GQDs) [7 — 10], Carbon Nano dots
(CNDs) and Polymer assisted Carbon Dots (PDs) [11 — 13]. As shown in Figure 5.1. Below,
Graphene based quantum dots composed of few layers of graphene with chemical groups attached
to the edges of the dot. GQDs are anisotropic in nature with height of dots less than the lateral
dimension. Carbon Nano dots are spherical in size. Carbon Nano dots and carbon quantum dots
possess different origin of the PL as carbon Nano dots have no crystal lattices whereas carbon
quantum dot has crystal lattices. At last polymer assisted carbon dots are composed of self-

assembled carbon core attached with cross linked or aggregated polymers.
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Figure 5.8 Showing the carbon dots categorized as graphene carbon dots, carbon Nano and quantum dots
and polymer assisted carbon dots (above figure is adapted from ref [14]).

All these carbon dots have photoluminescence property (PL). Photoluminescence mechanism
influenced by methods of chemical synthesis involved. Synthesis protocol determines the chemical
surface groups attached and intrinsic structure which affects the Photoluminescence to a greater
extent. In general, the synthesis of Carbon dots is based on two approaches. Namely top — down
approach, in which large carbon structure breaks into smaller carbon parts via chemical treatments
and ultrasonic treatments [15]. The other approach is bottom - up approach in which small carbon
structures can be converted into desired size of carbon dots [16]. We will briefly discuss these two

approaches in the subsequent sections.
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5.1.1 Top - down approach

This approach based on the oxide cutting the carbon rich material source which includes
carbon rods [17], carbon fibers [18] and graphene powders [19]. Carbon in these sources occupies
sp? hybridized filled orbitals which is not able to give fluorescence due to large band gap.
Therefore, to make them luminescent, their size and surface states were modified. The very
common method used in oxide cutting is using concentrated oxidizing acids such as Nitric acid
and mixture of Nitric acid and Sulfuric acid [20]. In this process the carbon source is cut up into
small pieces, as Nitric and sulfuric acid consists of other chemical groups which get attached to
the resulting carbon pieces known as Carbon graphene dots, carbon Nano — quantum dots. This
approach includes the methods such as pyrolysis, carbonization, hydrothermal method, solvo -
thermal method and reactive ion etching methods etc. However, the top — down approach requires

expensive materials, harsh conditions and longer duration of reactions.

5.1.2 Bottom - up approach

This approach is a viable and an efficient method to synthesize carbon dots for extensive
range of applications. In bottom up approach small molecules are dehydrated at the high
temperatures. The molecules containing the chemical groups such as —OH, —-C=0, -NH; and -
COOH upon high temperature treatment can result into the formation of carbon dots. Due to high
temperature it is difficult to control all parameters during the synthesis process, therefore, resulting
carbon dots can have polydispersity. There are other various approaches to synthesize carbon dots
using this approach such as by using microwaves [21], hydrothermal method [22], pyrolysing in
concentrated acid [23] and so on. Therefore, bottom — up being comparatively easier and
economical technique to obtain carbon dots from the small molecules. In this thesis as —

synthesized carbon dots are obtained from bottom — up approach from small organic molecules.

In this work we have synthesized carbon dots with blue, green and red emissions via a solvothermal
method. In the protocol, Solvents used in the reaction strenuously affects the surface states of the
prepared carbon dots. For carbon dots novel applications Photoluminescence of the carbon dots
and mechanism behind it is an important aspect of study. Here, the PL emission of carbon dots is

not size dependent but rather the surface groups attached to the carbon core are the main reason of
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PL emission. Generally, carbon dots synthesized by the solvothermal method possess a very strong
PL emission. But obtained carbon dots from this method has broad PL emission as compared to
carbon quantum dots. Broadening in PL Peak is due to the inhomogeneous structure of the carbon
dots due to attachment of several other functional groups which creates different PL centers.
Quantum yield is another aspect for the as — obtained carbon dots, which we will discuss in the

brief in the subsequent section.

5.1.3 Quantum Yield

Any fluorescent material has a characteristic property known as quantum yield ¢r, which

is defined as the ratio of emitted photons to the absorbed no. of photons at absorbing wavelength.

Number of photons emitted

~ Number of photons absorbed

In general, to measure the quantum yield two methods are employed, the absolute method
and the relative method. In this thesis we used relative method to calculate the quantum yield of
the carbon dots in liquid and in thin films of carbon dots over glass and over Bragg reflector. In
the relative method, the quantum yield of the sample under study is calculated by comparing the
fluorescence intensity of the sample with the fluorescence intensity of the reference. In this work,
we have used Rhodamine 6G as a reference which has 0.95 value of quantum efficiency. The
quantum yield is generally reported between 0 and 1 or as a percentage. Whereas, the absolute
method requires integrating sphere which doesn’t require any reference sample. In this work, we
have used relative comparative method which is the most common method to calculate the
guantum yield relying on the well-studied reference sample. The most important points to take
care in comparative method is that the both sample under study and reference should have identical
absorbance at the same excitation wavelength. Provided these conditions, the ratio of quantum
yield and their integrated fluorescence intestines can be compared. By relative comparative method

we can calculate the quantum yield by using reference of known guantum vyield.
— or (A0) (Bs) (1s)’
05 =0r () (E)(2)" m
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Where, Q = quantum yield
n = refractive index of the solvent
A= Absorbance of the solution
E = Integrated fluorescence intensity

r = subscripts ‘r’ and ‘s’ for the reference and sample under study

5.1.4 Carbon dots and 1D Photonic crystal structure

Carbon being Fluorescence in nature holds great potential in extensive areas of research. It
is an excellent candidate in energy saving applications in areas such as light emitting diodes, super
capacitors, fuel cells, rechargeable batteries etc., as carbon dots have good luminesce efficiency,
good stability and low toxicity [24]. Carbon dot based LEDs devices are an emerging area of
research over the past few years because of their applications in liquid crystal display devices in
our day today life. In general, LED devices are composed of expensive material ‘phosphors’ which
is a rare earth material or toxic metal semiconductor quantum dots. Carbon dots can best candidate
to replace these materials. Apart from these applications Carbon dots can be used as an active
material in electroluminescent based devices and as a phosphor in LED applications. In carbon
based LEDs, a transparent polymer such PVA [25] or transparent epoxy resins is treated as matrix
material in which carbon dots are dispersed homogeneously. This step avoids the aggregation of
carbon dots to prevent quenching of the PL. There are reports of white light emission from as -
synthesized carbon dots via these approaches. These approaches become costly as they require
multistep procedures and dispersion of carbon dots in such matrices suppress the PL of carbon
dots and make the emission width broader. Other approaches are followed to reduce the self-
quenching of carbon dots when integrated with solid state devices such using silane coupling
agents [26]. However, to obtain white light emitting devices, having good luminous efficiency and
high color rendering index are important parameters. Therefore, to obtain good performing white
light emitting CDs with good quantum yield and narrow PL emission bandwidth requires more
attention. Narrowing the fluorescence from the carbon dots using an efficient technique is highly
required. Herein, in this work, we have proposed to enhance the photoluminescence of red carbon

dots by incorporating dielectric based Bragg reflector with stop band tuned at the emission
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wavelength and we have synthesized mixed carbon dots based white light emission incorporated

with wide stop band metallic cavity structures.

As already discussed in chapter 1, Photonic crystal based structures due to their periodic
nature and contrasting refractive indices, it creates photonic stop band gap (PSB) which can
prohibit the light of certain frequency. It has been reported by Xuan et.al [27] that photonic crystal
structure plays crucial role in modifying the fluorescent property. Jiang et. al [28] also proposed
that Photonic crystal band gap structure can increase the fluorescence with the sensing enhanced
applications with cocaine detection limit was increased to 10® mol L. Whereas, Miguez et. al
[29] proposed the cavity structure made up of dye — doped reflectors with fluorescence is sensitive
towards the photonic environment. Hence, there are various studies based on photonic crystal
which can alter the Luminesce emission of the carbon dots. As photonic crystals have the property
of altering the emission by the change in light incident angle, but using the metal cavity structure
which possess exceptionally large stop photonic band gap, make the carbon dot/ cavity structure
immune to the incident angle variations. Therefore, in this chapter we have synthesized the tunable
emission carbon dots with solvo — thermal method. We have studied the enhanced
Photoluminescence emission property on glass substrate and on the dielectric based Bragg
reflectors tuned in the visible region. Also, we have fabricated metallic cavities having large stop
photonic stop band. We have optimized the mixture of carbon dots of different sizes to get a white
light like emission and tried to modify its fluorescence properties. Finally, we will conclude this

chapter with various possible opportunity for further experimentation.

5.2 Experimental Section

5.2.1 Chemical and material used

Urea (99 %, sigma Aldrich), Citric acid (99 %, sigma Aldrich), Dimethylformamide (DMF, 99.5
%, sigma Aldrich), ethanol (99.7%, sigma Aldrich), Sodium hydroxide (NaOH, sigma Aldrich),
Poly(vinylalchol) (PVA, 99.5%, sigma Aldrich), de — ionized water, Silicone Dioxide (SiO2) and

tantalum oxide (Ta2Os) sputtering targets of 0.25-inch thickness and 2-inch diameter, Silver
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Sputtering target of 0.25-inch thickness and 2-inch diameter with Pre cleaned microscope glass

slides (J. Melvin Freed Brand) and Polyethylene terephthalate (PET sheet, 5 mm thickness).

5.2.2 Synthesis Protocol for carbon dot with Blue, Green and Red emission

In the modified synthesis protocol to obtain blue emitting carbon dots, 3 g of citric acid and
6 g of urea are added into 30 ml of aqueous solution and the solution is stirred continuously for 10
min at the temperature of 70 °C. once a clear transparent solution is obtained, it is transferred to
50 ml poly (tetrafluoroethylene) — lined autoclave. The autoclave is sealed tightly and kept in an
oven at the temperature of 180 °C for 8 hours in the air atmosphere. After the reaction, the
autoclave is allowed to cool completely to the room temperature on its own. A dark brown colored
solution is obtained and is subsequently washed with the solution of ethanol and water. The ratio
of ethanol and water is kept around 5:1. The carbon dot solution is washed and centrifuged at 8000
r min’ for 10 minutes for three to four time. The washed precipitate was obtained and dispersed
into ethanol to activate the blue emitting carbon dots. To synthesized green carbon dots, similar
amount of solutes was added into 30 ml of ethanol solution and stirred for 10 min. at 70 °C and
kept for 180 °C for 8 hrs. and subsequently washed with ethanol and dried in oven for 2 hrs. at
60°C. dispersed in ethanol to activate the carbon dots. And to obtain, red carbon dots, citric acid
and urea were dissolved in DMF and kept at temperature of 180 °C for 8 hours in air ambient. A
dark brown solution is obtained and washed with sodium hydroxide solution, NaOH solution is
obtained by adding 1 g of NaOH in 20 ml of D. | water. The washed brown solute is obtained and

dried at 60°C and dispersed into ethanol to activate the carbon dots.

5.2.3 Fabrication of Carbon dot with PVP composite thin film

To obtain the thin films of the carbon dots with PVP composite. 20 mg of PVP (10,000
Molecular weight) is mixed with 10 mg of carbon dots and 1 ml of ethanol was added and mixed
thoroughly at 60 °C for few hours. The carbon dot and PVP composite is deposited over pre
cleaned glass and PET substrate. The spin coated substrates were dried completely for 1 hr. at 60
°C.
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5.3 Characterization of as-synthesized Carbon dots

Carbon dots synthesized by solvo - thermal method were characterized by the High

resolution transmission electron microscopy (HRTEM) as shown in Figure 5.2

Figure 5.2 Showing the TEM images of blue, green and red carbon dots with inset showing the High
resolution TEM images.

TEM images of as —synthesized blue, green and red carbon dots governing the morphologies. As
shown in Figure 5.2 (a) — (c), high resolution TEM images showing well resolved lattice fringes.
The inter-planar spacing of HR — TEM images of the blue, green and red carbon dots is nearly
0.21 nm which is more or less close to the inter — planar spacing of the carbon graphite with lattice
plane associate to dot is (100). TEM images clearly indicating the size of dots from 5 — 10 nm
respectively. As all carbon dots has similar sizes, it indicates that emission of different wavelengths
is not due to the quantum size effect. But rather it is due to the attachment of functional groups to
the carbon core during synthesis. Figure 5.3 showing the Raman spectra of the as — synthesized

red carbon dots.
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Figure 5.3 Showing the Raman spectra of the as —synthesized red carbon dot.

As shown in Figure 5.3, the Raman spectra of as- synthesized red carbon dots are recorded
in the region of 1200 — 1800 cm™. There two peaks associated with D band and the G band in
range of 1100 — 1600 cm™. The origin of the G band is from sp? hybridized carbon of the graphite
and D Band originates from the disorder in the structure of the carbon dots. And the 2D Band has
broad Raman peak at and around 2700 cm™ which is associated with the aromatic carbon of the
graphite [30]. Therefore, the Raman spectra clearly indicates the luminescence of the as —
synthesized carbon dots is due to the existence of graphite core and other surface functional groups
together. As reported in [31, 32], the FTIR spectra also confirmed the attachment of other
functional groups such as O — H, N — H which makes these dots soluble in polar solvents. The as
— synthesized carbon dots are characterized optically as shown in the Figure 5.4 (a) in which blue,
green and red carbon dots activated with polar solvent such as ethanol, are excited under UV light
and emission from the respective dots were studied. Therefore, Figure 5.4 demonstrating the

optical picture of light emitted from the carbon dot with naked eye under UV excitation.
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Figure 5.4 Demonstrating the optically excited blue, green and red carbon dots dispersed into ethanol
under UV excitation.

Different absorption features of blue, green and red carbon dots are observed in the UV-

VIS absorption spectra as shown in the Figure 5.5.
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Figure 5.5 Showing the UV —VIS absorption spectra of the blue, green and red carbon dots depicting
distinct features.

As shown in the absorption spectra for blue carbon dots, strong absorption peaks were observed at
260 nm and 350 nm wavelength, these peaks are associated with the absorption occurs due to the
intrinsic transition of © — n* and n — n* due to carbon core. In the absorption spectra of green
carbon dots, as that of the blue carbon dots, intrinsic band gaps appear, along with these shoulder
band appears at and around 440 nm wavelength which mainly attributes to the absorption occurs
due to C = O chemical group attached to the surface of the carbon cores. As in case of the red
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carbon dots, there is an additional strong absorption at the wavelength of 550 nm which is
attributed to the C = N chemical group attached to the surface of the carbon dots. From the
absorption measurement for red carbon dots the intensity of absorption for C = N is higher than
the absorption of the intrinsic and C = O chemical groups of the carbon dots. These results
evidently suggest that solvents such as ethanol and DMF which modified the surface states of the
carbon dots used during the solvo - thermal method are the reason of long range emission in the
carbon dots. Figure 5.6 showing the Photoluminescence spectra of the as- synthesized Blue, green
and red carbon dots.
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Figure 5.6 Showing the Photoluminescence of the blue, green and red carbon dots with different
excitations.

Figure 5.6 demonstrating the Photoluminescence spectra of blue, green and red carbon dots
composite thin film. Due to the aggregation of carbon dots re-absorption of photons can take place
which leads to, self-quenching hence it can decrease the photoluminescence of the carbon dots. To
prevent the self-quenching carbon dots films were obtained by mixing appropriate amount of
carbon dots with PVA and ethanol. The surface groups such as carboxyl and amide attached to the
surface of the carbon dots forms hydrogen bonds with hydroxyl group of the PVA. This makes the
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Carbon dots dispersed well with PVA molecules hence it prevents the aggregation of the carbon
dot particles while making the carbon dot thin films. Figure 5. showing the Photoluminescence
spectra of the blue, green and red carbon dots under different excitations, blue dots were excited
with 360 nm, green carbon dots are excited with 450 nm and red carbon dots are excited with 488
nm. respectively and the spectral shape along with the emission wavelengths are same for the
solution and the composite films of the carbon dots. Therefore, this indicated that the PVVP/Carbon
dot composite prevented the self-quenching of carbon dots. Taking the advantage of the composite
stability, carbon dots/PVVP composite of blue, green and red dots are mixed with appropriate ratios
and optimized ratio of green and red carbon dot mixed together giving a broad wavelength
emission which can be excited with a single excitation. The Figure 5.7 showing the broad
wavelength emitting green and red carbon dots/PVVP composite films PL.
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Figure 5.7 Showing the Photoluminescence of green, red and mixture of green — red carbon dots with PVA
along with inset showing the optical image of the light emission from the films.

In this study, we have synthesized red, green and blue emission carbon dots with facile
solvo - thermal method and upon mixing the red and green carbon dots in appropriate amount with
a suitable polymer matrix gives a broad band emission with single excitation. Now this broad band

emission can be enhanced significantly using a large stop band metal cavity structure. These mixed
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carbons dot thin films showing the emission from the ensemble of carbon dots therefore, carbon
dot s with metallic cavities and dielectric stacks over flexible PET substrate holds great potential
in enhancing monochromaticity and increased quantum yield. Figure 5.8 (b) showing the
photoluminescence enhancement over metallic cavity with metallic cavity reflection spectra

shown in Figure 5.8 (a).
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Figure 5.8 (a) Showing the reflection spectra of the metal cavity fabricated with Ag (10nm)/ SiO2 (400nm)
/ Ag (10nm) and (b) showing the mixed carbon dots (1:4) of red and green broad emission is enhanced
significantly over metallic cavity.

Figure 5.8 (a) showing the metal cavity structure fabricated with Ag (10nm) both sides with 400
nm of SiO sand witched in between, having the reflection band ranging from ~ 500 nm to ~ 900
nm. i.e., having the stop band of 400 nm which quite broad as compared to the alternate dielectric
stacks. Figure 5.8 (b) showing the enhancement of mixed carbon dots over metallic cavity
structure. It is quite evident from the above data there is nearly six times enhancement in
fluorescence of the mixed carbon dots when placed over the metallic cavity as compared to the
glass substrate. Apart from the mixed carbon dots over metallic structure, we have employed red
carbon dots over dielectric Bragg reflector structure, as Bragg reflector has to be emitted with light
at normal incident, which makes it difficult to characterize the sample in the spectrometer.
Therefore, we have implemented red carbon dots with emission wavelength of 633 nm over
dielectric stack and calculated the enhanced quantum yield ratio, along with it we have performed
intensity dependent PL enhancement studies to see the effect in broadening of the red carbon dots

over DBR stop tuned at 633 nm. Due to limited excitation sources we couldn’t perform the similar
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experiments on blue and green emitting carbon dots. Therefore, Figure 5.9 (a) below showing the
Bragg reflector tuned at 633 nm along with the optical image of the DBR in right. Figure 5.9 (b)
showing the absorption of red carbon dots on glass with optical image shown in inset and Figure
5.9 (c) showing the absorption of red carbon dots over DBR along with optical image of the

substrate in the inset.
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Figure 5.9 (a) Showing the Bragg reflector tuned at 633 nm along with optical image of DBR in inset (b)
showing the absorption spectra of carbon dots over glass substrate along with optical image in the inset and
(c) showing the absorption spectra of the carbon dots over DBR tuned at 633nm along with optical image
shown in the inset.

From figure 5.9 (b) and (c) the absorption of carbon dots over DBR is also enhanced as compared
to the carbon dots over the glass. Further studies have been carried out to compare the quantum
yield ratios of carbon dots over glass than the carbon dots over DBR. Figure 5.10 showing the

Photoluminescence measurement done with excitation of 488 nm with the set up described on

chapter 2 of experimental section.
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Figure 5.10 Showing the Photoluminescence of Red carbon dots over Bragg reflector and over glass
substrate.

From the figure 5.10, the photoluminescence of red carbon with emission wavelength around 650
nm enhanced nearly four times as compared to the photoluminescence at the glass substrate.
Following the quantum vyield ratio formula above in equation (1). The ratio of quantum yields of
carbon dots over DBR with quantum yield over glass is calculated as,

os I Ay ns?

OR I, Ag nr2

‘s’ subscript representing the sample quantum yield and ‘r’ subscript reference quantum yield.

Pcdot+DBR _ Icdot+DBR % Aref X Namso” (1)
Pref IRef Acdot+DBR nref2

@ 1 A n 2

cdot _ cdot o el x Hmso )

Pref Iyer Acdot+glasss Nref

Upon comparing the ratio of the both equations,

Pcdot+DBR Icdot+dbr Acdot
X 3)
Pcdot Icdot Adbr+cdot

Substituting values from the above data gives the value as,

Pcdot+DBR = 416
Pcdot
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Therefore, the quantum yield of the carbon dots over DBR enhanced four times as compared to
the quantum yield over the glass. Further experiments were carried to see the effect on the Full

width half maxima or photoluminescence peak broadening with the function of laser intensity.
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Figure 5.11 (a) Showing the change in photoluminescence with change in laser intensity over DBR and (b)
representing the change in photoluminescence with change in intensity over glass.

Figure 5.11 above are representing the change in photoluminescence intensity with increase in
laser intensity on carbon dots with DBR and carbon dots with glass. From the above data peak
intensity with laser power and then FWHM (full width half maxima) is calculated. There is
reduction in FWHM in CDOT/DBR than CDOT/glass.

5.4 Conclusion and Future perspective

In Summary, we have synthesized carbon dots of tuned emission by modified solvo -
thermal method by changing the solvents during the hydrothermal reactions. To synthesize blue,
green and red emitting carbon dots, hydrothermal reactions were carried out at 200 °C for 8 hours.
D.l water is used as a solvent for the synthesizing blue emitting carbon dots, to synthesizing green
emitting carbon dots, ethanol is used as a solvent and to synthesizing red emitting carbon dots,
solutes were dissolved in DMF before hydrothermal reaction. TEM characterization suggested the

size of all the carbon dots are nearly same which is around 10 — 15 nm. Raman spectral
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characterization of the red emitting carbon dots gives direct indication that the intrinsic states and
attachment of C=0/C=N chemical groups to the carbon core causing the emission of carbon dots
in red, green and blue region due to absorption of light in various states. We have further
synthesized carbon dots with broad emission by mixing them thoroughly in different ratios with
PVP composite. for broad emission the optimized mixing ratio is such, green carbon dots with red
carbon dots in the ratio of 4:1. Metal cavity structure fabricated as Ag (10nm) / SiO2 (400nm) /Ag
(10nm). 10 nm Ag is deposited over glass and over PET substrate with thermal vapor deposition
and SiO- is deposited with magnetron sputtering. To prevent the damaging of Ag metal layer
deposited via thermal vapor deposition, SiO: is deposited at a very slow rate. Optimized mixture
of carbon dots is implemented over metal cavity structure and significant enhancement is observed.
Moreover, we have studied the effect of red carbon emission when implemented on dielectric
Bragg reflector by illuminating with 488 nm laser. Photoluminescence quantum yield of red carbon
over Bragg reflector is observed to be four times as compared to the photoluminescence of red
carbon dot over glass substrate. Laser intensity dependent photoluminescence measurement is
done on both cdot with DBR substrate and on cdot with glass substrate. Full width half maxima
plots with laser intensity were also calculated. This work provides enough results to show that
carbon dots hybridized with metal cavity structure and dielectric structure holds great potential in

optoelectronic devices.
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Chapter 6

Chapter 6

Conclusions and Future Outlook

6.1 Conclusion

Regulating electromagnetic wave transmission and reflection in smart window applications
attracted lot of attention in building energy saving applications. As building are the major
consumer of energy, implementing smart glass designs will contribute in minimizing the energy
consumption significantly. As heating, ventilation and air conditioning of buildings accounts in
significant energy consumption. With Employing smart windows only regulate amount of
ultraviolet and infrared light can enter into the buildings. By controlling the ultraviolet radiation
will reduce the cooling expenditure and can be used vice-versa in winter days. Therefore,
improving the designs of building fenestrations for energy efficiency are of extreme importance.
Although there are various chromogenic materials which are used for smart window applications
such as Photochromic, electrochromic and thermochroic to conserve the energy but all these

materials coating require additional input of electricity or heat to function.

Photonic crystal can greatly control the electromagnetic waves due to variation periodicity.
Therefore, implementing the tunable Photonic crystal with thermochromics materials can regulate
the special propagation of electromagnetic waves. This smart window design due to photonic
crystal can statically regulate the visible light and with thermochromic material it can dynamically
regulate the infra-red light to ~ 100% efficiency. Here in this thesis we have implemented tunable
1D Photonic crystals with VVanadium Dioxide thermochromic material and studied their optical
properties. Chapter 1 gives the introductory details of Photonic crystal for smart windows and
VO2 and its polymorphs. In Chapter 2 we have described the various characterization techniques
to study the structural and optical properties of 1D Photonic crystal and thermochromic materials.
In Chapter 3 we have presented 1D Photonic crystal based smart window design incorporated with

Vanadium Dioxide. We have fabricated 1D photonic crystal tuned in infra-red region and
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synthesized VVO2 nanostructures of different crystallinity. We have studied the effect of different
stacks of Photonic crystal with VO performance with increase in temperature. Moreover, we have
employed Moderately crystalline VO2 over ~ 100 % reflecting 1D Photonic crystal and observed
the transmission reaches to ~ 0.6 % with temperature increased to 380 K. In chapter 4, we have
tailored the transition temperature of VO, nanostructure near to room temperature by doping
appropriate amount of tungsten atoms. 1.1 at. % is the optimal dopant for VO nanostructures. and
W- doped VO nanostructure are employed on flexible 1D Photonic crystal fabricated over PET
substrate. 1-D Photonic crystals fabricated over PET with seven stack of SiO2/Ta>Os can achieve
~ 5 % transmission in tuned stop band and with increase in temperature, transmission almost vanish
to 0.05 value. Therefore, reflection and transmission of W-doped VO over flexible 1-D Photonic
crystal decrease substantiality in Photonic crystal stop band with increase in temperature. Apart
from this, W-VO>/ Photonic crystal structure also subjected to compressive bending. Therefore,
integration of these materials with Photonic crystal can regulate the transmission and reflection in

desired manner.

Photonic crystals are great candidate for manipulating the light by the virtue of photonic
band gaps. In Chapter 5, we have tried to employ the carbon dots on dielectric Bragg reflectors as
well as metal cavity structures. Carbon dots possess excellent fluorescence properties and is an
excellent candidate for energy saving applications. Apart from being environmental friendly
carbon dots shows good optical tunability. Here we have synthesized the blue, green and red
carbon dots using modified facile solvo - thermal method. By optimally mixing the green and red
carbon dots in the ratio of 4:1, a broad band light emitting carbon dots with PVP composite is
obtained. We have further employed the red carbon dots and broad emitting light over dielectric
stack and metal cavity and observed a significant Photoluminescence enhancement. These
structure architectures found to have great potential in color rendering devices. However, Further

experiments are necessary to gain a complete understanding.
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6.2 Future Outlook

Photonic crystal based smart windows not only enhance the optical performance, due to
their unique properties but will also broaden their applications in various fields. The smart window
industry has the biggest challenge of durability of these designs and large area feasibility of these
architectures. Incorporation of such functional materials in 2D and 3D Photonic crystal structures
will allow various functionalities of smart windows with improved optical properties. Fabricating
organic — inorganic Photonic crystals structures will be multi-responsive and can be further studied
for advanced smart window design. Apart from improving the optical performances, the aesthetic
needs for smart glasses is of equal importance. Therefore, Integrating Photonic crystal with
structural color will enhance the aesthetic appeal of smart windows. Moreover, fabricating
Photonic crystals which are amorphous in nature to regulate transmission and reflection by with
no incident angle dependency while tuning the photonic band gap will favorable design for smart

windows.

Furthermore, Improvement in thermochromic properties of functional materials for
implementing with Photonic crystal structures will advance the Photonic crystal based energy
efficient devices. Rather than conventional materials like VO2 and carbon dots, Photonic crystal
structure can be embedded with emerging materials like Perovskite and hydrogels for improved
and better energy efficient structures for the application of high resolution bio imaging and sensors.
Apart from smart windows Photonic crystal structures helps in selecting solar radiation and can be
integrated with suitable absorbers for thermal Photovoltaic applications. As PCs provides robust
optical confinement, therefore this structures are not only restricted to Smart windows but also

highly desirable in Photonic crystal based low threshold lasers and various other applications.
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APPENDIX

The research work presented in this are inspired with following publications.
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2. Dipti umed singh* and Remya Narayanan, Temperature tunable flexible photo absorbers
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