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ABSTRACT
The State – of – the - art technology demands new exotic materials fit for utilization
in miniaturized circuits; also, additionally, increase their capabilities. Transition metal
oxides have attracted keen interest over the last decade, thanks to the variety of physical
properties that they exhibit. These thesis works present a study for the development and
characterization of VO2 on substrates; AlGaN/ GaN, SiO2, and Sapphire. The Oxides of
Vanadium has exclusive properties with a potential novel application within the IntegratedCircuits industry. The low-pressure chemical vapor deposition technique makes a highly
pure and ordered form of crystalline thin films of VO2 on every one of those substrates.
The sharp transition in electrical and structural properties of VO2 throughout the MetalInsulator Transition (MIT) is suitable for varied electronic, optoelectronic, and sensing
applications. We have primarily studied Chemical Vapor Deposition based synthesis of
VO2 on metallic element chemical compound (AlGaN) thin films and compared them with
those synthesized on Silicon and Sapphire. Thin-film Vanadium metal (35 nm and 70 nm)
is deposited on the different substrates, followed by oxidization to yield Vanadium dioxide
films. The result of deposition time, oxygen flow rate, substrate temperature, radiative
cooling time, and chamber pressure consistently studied to get the most effective quality
films. The synthesis is conducted on comparatively large area vanadium deposited samples,
and microscale vanadium patterned samples. The as-grown Vanadium Dioxide films were
characterized by AFM and XRD techniques to work out their structural and crystalline
qualities. VO2 films synthesized under optimal CVD growth conditions were successfully
used in GaN MEMS devices for sensitive deflection transduction.
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CHAPTER ONE
INTRODUCTION TO MULTIFUNCTIONAL OXIDES
Right now, electronic instruments are getting littler and increasingly minimal. Be
that as it may, the measure of data handled by the gadgets has expanded massively.
Besides, individuals need their gadgets to have higher power-productivity for longer
employments.
In order to accomplish a more power-proficient electronic instrument while
keeping up faster-processing speed and minimal size, regular electric circuit segments
need an achievement. One such segment is a transistor.
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Figure1.1: Schematic showing different physical properties and applications of oxide
Materials
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Figure 1.2: Applications of oxide thin film technology.
Transistors control the progression of flow inside a circuit to intensify or switch
electric sign contingent upon the use of outer voltage. On the off chance that we can
develop a transistor that can turn 'on and off' productively at an ultrafast timescale
without including additional parts or without lengthy algorithms, a leap forward for a
quicker yet miniaturized electronic instrument would be foreseeable.
From this point of view, metal to insulator transition (MIT) phenomenon is
extremely helpful, considering it ordinarily happens with a straightforward electric field
or temperature change. Likewise, this progress happens throughout the majority of crystal
space, consequently liberating the size limit of the instrument. In this way, numerous
works are being led on the acknowledgment of MIT-based transistors.
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Not exclusively do the electrical properties change through MIT, yet additionally,
the thermal conductivity should change when a material experiences transition from
insulator to metal or the other way around. It is alluring on the off chance that we can
cause this changing to happen quicker and show an exceptionally sharp discernible
contrast between two distinct states for switching applications. In this work, the potential
approaches to improve the MIT impact of vanadium dioxide on the different scope of
substrates, including III-Nitrides substrates, were considered, created, and set up.
Band Theory of Solids
When the two atoms are closer together, the electron wave functions start
overlapping together. The overlapping occurs in constructive or destructive manners.
This overlapping results in molecular bonding and anti-bonding. In a crystal lattice, there
are countless atom-atom interactions. Therefore, the overlapping of different wave
functions will create many different wave curve combinations, leading to the
accumulation of band splitting. This accumulation of splitting creates a continuous
energy band separated by an ‘empty space’ in the middle. This empty space is called a
forbidden band, an origin of the energy bandgap. The figure 3 below is a descriptive
presentation of this phenomenon. The allowed band located below the gap is called a
valence band, and the one located above is called a conduction band. By using this
energy band theory, we can explain the fundamental difference among conductors,
insulators, and semiconductors. In good conductors such as bands are half-filled valence,
and electrons can move to nearby energy states very quickly without requiring much
additional energy.
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On the other hand, a large energy gap exists between the conduction and valence
bands in insulators. Thus, electrons cannot move smoothly without a significantly
sizeable potential difference. This large gap makes insulators weak conductors.

Figure 1.3: Classification of energy bands in Band theory of solids.
Vanadium and its Oxides
Vanadium was first discovered in Mexico in 1801 by Andres Manuel del Rio.
However, the discovery failed to impact because it was considered contaminated
chromium. Afterward, it was then rediscovered by a Swedish Chemist Nils Gabriel
Seftström in 1830. He named the element after the Norse goddess Vanadis, which
represents beauty and fertility due to Vanadium’s colorful compounds. In 1867, the first
pure vanadium metal was produced by reducing vanadium chloride with hydrogen.
Vanadium is a transition metal of group V of the periodic table, which consists of
Niobium (Nb) and Tantalum (Ta). It is silver-grey metal found in various minerals such
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as carnotite and vanadinite. It has Vanadium with an electron configuration of [Ar] 3d3
4s2, atomic weight 50.9415; it has two isotopes 50 V and 51V. In nature, the most abundant
isotope is 51V (at around 99.8%). 50 V is slightly radioactive with a half-life of 6x1015
years. Within the group, Vanadium is the least electropositive element with stronger
metal-metal bonding, resulting in a high melting point (1915 ℃) and boiling point (3350
℃). Compared to other transition metals such as iron (or steel), it a harder metal (but not
brittle), ductile and malleable.
Vanadium resists reaction with alkalis, sulfuric acids, and hydrochloric acids. We
can oxidize Vanadium at elevated temperature, around 933 K (660 ℃). Vanadium is
unreactive at a temperature below 250 ℃. Though the surface might oxidize, showing
visible color change from bluish-gray to brownish-black. Vanadium initiates oxidation in
the air at 300 ℃ or more and absorbs hydrogen into the lattice sites until 500 ℃. At
higher temperatures, it will react with other elements. For instance, above 800 ℃ it reacts
with nitrogen and carbon to form vanadium nitrides, and carbides (800-1000 ℃)
The wide variety of oxidation states of Vanadium leads to a wide range of oxides.
Oxides of vanadium exhibit a complex stoichiometric composition. For instance,
Vanadium can exist as a mixed oxidation state such as +5 and +4 coexist in V6O13; mixed
oxidation of +4 and +3 are observed in V8O15, V7O13, V6O11. Stable vanadium oxides are
in the range of 15-20. About 8 of vanadium oxides show a reversible phase transition;
these oxides are V2O3, VO2, V3O5, V4O7, V5O9, V6O11, V2O5, and V6O13. Concerning this
thesis, the most exciting oxide is VO2.

5

CHAPTER TWO
STRUCTUCTURAL AND MATERIAL PROPERTIES OF VANADIUM DIOXIDE
Structure of Vanadium Dioxide

Figure 2.1: Rutile and Monoclinic structure of vanadium dioxide [34].
Vanadium forms various morphologies with different coordination arrangements.
The most common coordination arrangements are: tetrahedral (VO4), trigonal bipyramids
or square bipyramids (VO5), distorted and regular octahedrons (VO6).
The structure of VO2 in the semiconducting state (at a lower temperature) is
monoclinic, and in the metallic state (at a higher temperature), it is tetragonal (Rutile).
Figure 4 shows, the rutile lattice structure of vanadium arrangement in a tetragonal bodycentered unit cell surrounded by six oxygen atoms. The arrangement of oxygen atoms is
in a distorted octahedron. At temperatures below Tc, the monoclinic structure is
constructed by a combination of two-unit cells. The vanadium - vanadium metallic bond
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is dimerized along the axis. The unit cell enclosing the vanadium dimer is a slanted
tetragonal, resulting in a monoclinic unit cell. This slanting causes
the octahedron structure of oxygen to be distorted as well [100].

Figure 2.2: (a) Monoclinic structure with wider band gap of a1g and egp (b) Rutile
structure which behaves like a metal. [34]
The structural slanting and Columbic interactions are considered the main reason
for the semiconductor to metal phase change [100]. The electronic structure of VO2 is a
combination of orbitals of the vanadium atom ([Ar] 4s23d5) and the two oxygen atoms
(1s22s22p4). The four electrons from V4+ will fill the two oxygen atomic orbitals, with
only one electron remain in V4+ ion. This electron will occupy the d orbital near the
Fermi level (3d). The 2p electrons of oxygen have no contribution to the electrical
conductivity. Since the electron orbital is well below the Fermi level, the d orbitals of the
vanadium ions split into lower energy t2g and egs orbitals. egs Orbital remains unoccupied
due to its higher energy state while the t2g orbital is further split into bonding (a1g) and
antibonding (egp) orbitals. Then, one electron of V4+ will occupy a1g orbital. Therefore,
based on the arrangement of V-V and oxygen, the bandgap of a1g and egp differs.
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The zig-zag alignments, of V-V bonding, in the monoclinic lattice structure, occur
in the c-axis direction. This alignment also affects the octahedral structure of oxygen to
slant. These rearrangements raise the energy of the egp orbital higher; thus, monoclinic
behaves as a semiconductor. In the rutile structure, the a1g orbital is aligned towards the
c-axis leading to a metallic behavior.
Metal-to-Insulator Transition
According to this classification, there seems to be no connection between an
insulator and a metal. However, there are certain materials which show a ‘transition’
from metal to insulator or vice versa when it reaches a specific temperature or voltage.
This transition is a fascinating phenomenon because such materials can be promising
candidates for switching applications.

Figure 2.3: Expected behavior of VO2 resistance exposed to temperature change [26].
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Various triggering mechanisms can induce MIT. Such triggering includes a
change in temperatures, pressures, magnetic, or electric fields. When MIT occurs, the
properties of materials, for example, resistivity or resistance, change accordingly from
metals to insulators and vice versa. As seen, the resistance of a sample (in this case, VO2
thin film) drops by four orders (105 to 10) undergoing a transition from insulator to
metal. This transition is triggered by a temperature change (thermal triggering). The
transition temperature of VO2 is approximately 67°C.

Figure 2.4: Vanadium dioxide optical behavior (Reflection vs Temperature) [26].
Optical properties also change through MIT. The following figure shows that
optical reflectivity increase as a sample is heated through MIT. Moreover, when VO2
experiences transition, its optical transmittance percentages change for different
wavelengths.
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Figure 2.5: Vanadium dioxide transmittance change with change in wavelength [33].
Basic MIT Mechanism
Even though MIT phenomenon has been talked about for over 60 years, the
essential component behind MIT is still under discussion. Presently, three hypotheses
(Mott, Peierls, Anderson) are generally acknowledged.
As indicated by Mott's hypothesis, when the carrier density surpasses a critical
carrier density, nc, which can be determined from nc1/3 aH » 0.2 where aH is the Bohr
radius of the material, the electron-electron association, for example, correlation happens.
He proposed that this transition prompts a transition.
On the off chance that it is expected, conduction occurs by jumping of electrons
starting with one site then onto the next in a crystalline cross-section (lattice), the
Coulomb repulsion happens when there is an electron occupied already in the new site.
At the point when the amount of repulsive energy U is more significant than electrons'
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kinetic energy, the electrons would not have the option to go through the cross-section
(lattice).
This restriction of electrons prompts an arrangement of two separate groups, UHB
(upper Hubbard band) and LHB (lower Hubbard band), resulting in an insulating phase.
This phase can be changed over back to a metallic state by applying enough stress to
lessen the atomic spacing or doping.

Figure 2.6: The formation of upper Hubbard band (UHB) and lower Hubbard band
(LHB)

due to electron correlation [28].
In the second model, Peierls proposed that MIT occurs from a structural change in

a lattice of the material. In order to explain this, a one-dimensional metal with a lattice
constant, a, and an even atomic displacement of L0 can be assumed. When the distortion
of the periodic chain happens, it causes a change in a repeat distance to L’. Then, the new
zone boundary forms at π/ L’ where a band opening occurs.
On account of this gap creation, the energy of electrons close to the Fermi surface
is reduced. This decrease in energy neutralizes with the energy gain from elastic energy
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required for cross section (lattice) deformation. Along these lines, when one surpasses
another, the transition happens.

Figure 2.7: The 1-D atomic configuration of normal lattice and the distorted lattice, and
the corresponding electronic band structures of normal and distorted lattice respectively
[28].
In the third model, Anderson attempted to clarify MIT utilizing disorder-induced
localization impact. He recommended that arbitrarily distributed defects in a crosssection (lattice), for example, impurities or vacancies can affect conductivity by
scattering conducting electrons in the lattice grid. These defects or disarrangements in a
framework make uneven lattice potentials causing partition of localized and extended
states. EC, the mobility edge, characterizes the boundary between localized and extended
states. The transition occurs when the fermi energy level moves either below or above.
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Figure 2.8: The lattice potential and corresponding density of states for (top) perfect
crystal and (bottom) disordered crystal [28].
As of now, at the time of writing this thesis, there still exists no single established
theory to determine whether the MIT in vanadium dioxide is a result of structure change
(Peierls theory) or due to carrier reaction (the Mott-Hubbard theory).
Applications of MIT
The applications of MIT substances are quite diverse. This diversity is due to MIT
substance's capability to exhibit relatively sizeable structural property adjustments at an
ultrafast time scale. By utilizing these abilities, we can achieve a very efficient and
inexpensive switching material system. For example, in an electric-electronic system, a
high-speed noise signal having a higher voltage than the acceptable limit can ruin the
system. In this case, MIT materials exhibiting transitions to insulators above a certain
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excessive voltage level can protect the system by bypassing those higher-voltage noise
signals in the circuit at ultrafast timescales.
It is undoubtedly found in thin-film VO2 samples, the resistance of the sample all
of a sudden increase at a fixed critical voltage. By manipulating this crucial voltage stage
through doping or modification of thin-film dimensions, one can selectively select a
voltage level where high-voltage noise indicators bypass the circuit. This kind of
application can be used in standard household electronics, electrical substations, for
example.
The additional promising utility can be discovered in Li-ion batteries. Recently,
the explosive nature of Li-ion batteries, particularly those used for cell-phones, has drawn
many hobbies from the researchers and developers in the battery industry. In batteries,
there is an instrument known as Positive Temperature Coefficient of Resistance (PTCR)
that protects a circuit from short-circuit or overcurrent by way of blocking off the flow of
current when the battery is overheated. The particles of the electrons in the blocked
current flow become comparatively more unstable at higher temperatures, thereby
boosting the internal pressure of the battery cell. This increase in internal pressure
eventually leads to the battery explosion.
In this case, an MIT material can be the right solution. Once the cell phone is
overheated, an MIT-material based explosion prevention device turns into metal from an
insulator. This conductive metallic phase allows the full charges inside the battery to
discharge before the explosion. This idea can be applied to laptop batteries as well.
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Applications in thermochromic windows are extensive research as well. It is an
established theory that optical transmittance properties change through thermal-triggering
of MIT. In the case of VO2, the amount of light reflection increases as it undergoes a
transition from insulator to metal.
Therefore, when the temperature is low as it would be in the wintertime, the MIT
coating on the glass allows more light to pass through to maintain warmness in the
building. The situation reverses in the summertime. The MIT coating on the glass reflects
most of the light to cool the interior of the building.
It is also important to note that when VO2 changes to a metallic state at a high
temperature when the reflection of most of the infrared-region (IR) light (longer
wavelengths) occurs. On the other hand, shorter wavelength-light transmittance at a
metallic state remains almost the same through the transition. This exclusive property
enables the thermochromic windows to let a sufficient light pass through while
selectively blocking infrared radiation-induced heat at higher temperatures.
Summary
The switching behavior of MIT materials is potentially incredibly exciting and
useful for modern electronics. Due to their ability to change their electrical properties in
the bulk form significantly at a very small timescale, electronic components, especially
transistors, can be substantially improved in their signal switching ability and power
requirement. A more detailed study of the electrical properties of MIT materials may
allow the development of efficient MEMS Sensors. These sensors can be useful in
spacecraft operations or power plant operations in which power efficiency is very critical.
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For this purpose, Vanadium dioxide was chosen as a target material in this study because
of its rapid reaction to ambient triggering with an extremely drastic property change.
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CHAPTER THREE
SYNTHESIS OF VANADIUM DIOXIDE THIN FILM
There are several methods employable to synthesize vanadium dioxide thin film,
namely, Pulsed Laser Deposition, Sputtering, Chemical Vapor Deposition, and many
more. However, for our research, we narrowed down the following criterion for choosing
the synthesis technique; the growth technique should be an enabler of multifunctional
oxide material design, it should be economical, and there must be the possibility of
realizing a high-quality crystalline growth at laboratory scale and semitechnical scale.
The two close contenders for synthesis method were; Pulsed laser Deposition and
Low-Pressure Chemical Vapor Deposition. These two are considered based on their
ability to make the synthesis capable of being realized in a semi-technical laboratory
setup. Various other traits and characteristics of these methods are discussed below. The
overall consideration favored the selection of the LPCVD method; the reasons for the
same are conclusively highlighted in figure 12. This conclusion is based on discussion in
PLD and CVD section as followed.
Pulsed Laser Deposition
Pulsed Laser Deposition is a physical vapor deposition technique with a wide range
of applications in the semiconductor, optical and industrial coating industries. Pulsed
Laser Deposition is particularly useful for the sputtering of metals and dielectric coating
– coatings, which are non-conducting insulating materials that can acquire a charge.
Reactive Sputtering most frequently uses Pulsed Laser Deposition, where a
chemical reaction occurs in the plasma region that exists between the vaporized target
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material and ionized gases like Oxygen. This chemical reaction allows the structuring of
deposition molecules such as silicon oxides. Pulsed Laser Deposition has revolutionized
the Reactive Sputtering of “difficult” dielectric substances like Alumina, Titania, and
Silica with excessive deposition prices that are not possible with straight DC Sputtering.

Purple color plasma cloud generated by
high intensity laser

Heating plate for
substrate heating

Target Substrate onto which material is
deposited
Rotating white disk of material to be
deposited

Figure 3.1: Pulsed laser deposition in action
The primary advantages of Pulsed Laser Deposition are that at conducive
optimum pulsing frequencies and duty cycles, achieving better thin film deposition rates
is possible, compared to RF Sputtering. Thus, eliminating the trouble with arcing that
results in serious quality control issues.
Chemical Vapor Deposition
CVD is the technique of depositing gaseous reactants onto a substrate. CVD
works by combining the gas molecules (frequently using carrier gases) in a reaction
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chamber of quartz material, set at ambient temperature. The gaseous reactants then
combine and come in contact with the heated substrate inside the reaction chamber. This
combination results in a reaction that creates a material film on the surface of the
substrate. The waste gases are sucked out by the pump from the reaction chamber
simultaneously alongside this process. The temperature of the substrate is a crucial aspect
that defines the occurrence of the desired reaction. Hence, the selection of an appropriate
temperature for heating the substrate is directly proportional to a good quality deposition.
The CVD process coats the substrate over a small area at a moderate leisure
speed. The average coating rate across the several types of CVD setups is often in
microns of thickness per hour. This process is relatively similar to physical vapor
deposition (PVD). However. The difference lies in the use of solid compounds (vaporized
and then deposited on the substrate by the method of condensation) in PVD in
comparison to gaseous reactants in the CVD.
The effective advantage of using CVD for synthesizing materials onto a substrate
is the potential outcome of a high-quality resulting material. The other advantages of
using a CVD process over other synthesis processes are; high purity, fine-grained
deposition, imperviousness, and greater hardness. It, through these advantages and costeffectiveness (for the film quality deposited) over other methods, is one of the most
sought-after thin film deposition method in the semiconductor industry and
optoelectronics.
The resultant product of a CVD process can be a thin film or a thicker coating or a
massive bulk. The nature of this deposition can have a monocrystalline structure,
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polycrystalline structure, or amorphous structure. Physical conditions and chemical
compositions that are chosen for the deposition reaction have an enormous impact on the
composition and structure of the final product obtained at the end of the process. This
technology has come to be one of the most critical synthesis processes of depositing thin
films and coatings in the field of solid-state microelectronics. It is so because of some of
the most stringent purity, and composition requirements should be met for a quality
product in solid-state microelectronics. The unique sorts of chemical reactions involved
in CVD synthesis include oxidation, reduction, hydrolysis, nitride, and carbide formation
and synthesis reactions, to name a few. A sequence of various reactions is customarily
involved in creating a unique product. The chemical reactions might also take place not
only on the substrate surface (heterogeneous reaction), however also in the gaseous phase
(homogeneous reaction). Heterogeneous reactions are a great deal more desirable, as such
reactions selectively show up only on the heated surfaces and are known to produce
appropriate satisfactory good quality films. Homogeneous reactions, on the different
hand, are undesirable as they structure gas-phase clusters of the depositing material,
which can result in terrible adherence, low density, or defects in the film. Thus, one vital
characteristic of CVD application is the degree to which heterogeneous reactions are
favored over homogeneous reactions.
Low-Pressure CVD (LPCVD)
Most LPCVD processes use resistance heating to attain isothermal conditions so
that the substrate and the reactor walls are of similar temperature. However, infrared
radiation heating techniques are also sometimes used.
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The mass transfer of the gases involves their diffusion across a slowly moving
boundary layer adjacent to the substrate surface. The thinner this boundary layer and the
higher the gas diffusion rate, the greater is the mass transport that results. Surface
reaction rates, on the other hand, depend mainly upon reactant concentration and
deposition temperature. In LPCVD, the rate of mass transfer is enhanced with respect to
the heterogeneous surface reaction rate by lowering the gas pressure. This improved rate
of mass transfer makes it possible to deposit films uniformly even on closely placed
wafers. Moreover, high deposition rates are attainable with LPCVD because of the large
mole fraction of reactive gases in the reactor, since no or little diluent gas is required.

Sample placed on the sample
holder at the center of the heating
coil area of the furnace

Orange glow observed in the quartz
tube during deposition

Quartz Tube

Figure 3.2: Low-pressure chemical vapor deposition in action.
Some of the main factors affecting the film thickness and uniformity in LPCVD
are the temperature profile in the reactor, the pressure level of the reactor and the reactant
gas flow rates. To obtain a uniform thickness profile across each substrate wafer
throughout the reactor, a judicious adjustment of these parameters is required. In general,
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the uniformity of thickness and step coverage of the films obtained by LPCVD is very
good. These films have fewer defects, such as particulate contaminants and pinholes, due
to their inherently cleaner hot wall operations and the vertical wafer positioning that
minimize the formation and co-deposition of gas phase particulate.
Advantages of LPCVD
Thin films are used in a host of applications in VLSI fabrication and can be
synthesized by a variety of techniques. Regardless of the method by which they are
formed, however, the process must be economical, and the resultant films must exhibit
uniform thickness, high purity and density, controllable composition and stoichiometries,
high degree of structural perfection, excellent adhesion and good step coverage.
CVD processes are often selected over competitive deposition techniques because
they offer the following advantages:
•

A variety of stoichiometric and non-stoichiometric compositions can be deposited
by accurate control of process parameters.

•

High purity films can be deposited that are free from radiation damage without
further processing.

•

Results are reproducible.

•

Uniform thickness can be achieved by low pressure.

•

Conformal step coverage can be obtained.

•

Selective deposition can be obtained with proper design of the reactor.

•

The process is very economical because of its high throughput and low
maintenance cost.
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Limitations of LPCVD
CVD process is basically limited by the feasibility of the chemical reaction
involved therein. Furthermore, the kinetics of that reaction governs the process as a
whole. Technological limitations of CVD include the unwanted and possibly deleterious
by-products of the reaction that must be eliminated, and the ever-present particle
generation induced by homogeneous gas phase nucleation that must be minimized.
Substrates used for synthesizing VO2
The vanadium dioxide thin films are grown on three substrates in this work. Our
aim is to synthesize a good quality thin film of vanadium dioxide on AlGaN/GaN (IIINitride). To compare this growth on AlGaN/GaN, we also grow the vanadium dioxide on
silicon and sapphire substrates. We use the growth on silicon and sapphire substrate to
compare the growth of vanadium dioxide on AlGaN/GaN; since silicon and sapphire
have established results as successful substrates for vanadium dioxide synthesis. Hence,
comparing the growth results on AlGaN/GaN substrate with sapphire and silicon
substrates would empirically establish the quality of the thin film growth.
Using III-Nitride as a substrate and its MEMS application
We have transistors being used as deflection sensors in three terminal devices.
Nitride HFET deflection sensors have been showed to be more sensitive than siliconbased sensor. So, our goal here is to assess if vanadium dioxide can be used for highly
sensitive deflection detection as a two-terminal device (simpler model than a threeterminal device). Along with, keeping the same design configuration as the nitride HFET.
The figure 3.3 below, shows the application of a vanadium dioxide based GaN
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microcantilever design. The aim of this work is to grow a good quality vanadium dioxide
thin film. Better the growth quality, better would be the sensitivity.

200 µm
VO2 MESA

Figure 3.3: SEM image of the VO2 (20µm x 10µm) mesa based rectangular GaN microcantilever
(250µm x 100µm)
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CHAPTER FOUR
LOW PRESSURE CHEMICAL VAPOR DEPOSITION FOR VANADIUM DIOXIDE
SYNTHESIS
Experimental Setup
The LPCVD apparatus consists of a hot-wall reactor which is placed horizontally
with reference to the ground. The deposition chamber was pumped using a sorption pump
and the setting of the valve between the reactor and the sorption pump was kept fixed, so
that the chamber is evacuated at a constant pumping speed. Thus, the pressure inside the
deposition chamber could be controlled by changing the gas mass flow rate.

Quartz Tube

Waste Gas

Exhaust

MFC MFC
Sample Holder
V deposited
sample

Nitrogen

Oxygen

Heating Coils

Vacuum Pump

Figure 4.1: Schematic of the Low-Pressure Chemical Vapor Deposition system used for
synthesizing Vanadium Dioxide on III Nitride substrates
The schematic diagram of the LPCVD reactor is shown in Figure. This reactor
was manufactured by MTI Corp. The horizontal reaction chamber consists of a 13.5 cm
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diameter and 135 cm long fused quartz tube encapsulated within a 10 kW, Thermocoupled MB-80 heating furnace. The reactor door is constructed of 300 series stainless
steel, with a side hinge and sealed with an O-ring. A simple manual valve was used to
control the flow of nitrogen into the reactor during the operation of de-vacuuming the
reactor.

Horizontal setup of heating coils

Quartz Tube

Figure 4.2: The furnace setup with horizontal placement of heating coils
The other end of the reaction chamber is connected to a vacuum station comprised
of a dual stage rotary vane pump backed by a blower. The rotary pump helps maintain the
necessary vacuum, while the blower increases the exhaust flow rate out of the reactor. A
wire mesh at the blower inlet was used to prevent solid particulate material, from entering
the blower and the pump. A quartz tube was setup between the chamber and the heater to
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enhance the radiation heat transfer thus reducing the temperature deviation through the
reaction tube.
The temperature was maintained constant across ail zones and confirmed using a
calibrated K type thermocouple. Mass flow controller set points were programmed with a
MICON 3 micro-processing controller which produces the set point voltage and
automatically monitors the flow vs. the programmed flow limits. The pressure in the
reactor was monitored with an exhaust valve and measured at the reactor inlet using a
capacitance manometer.
Pre-Experiment
Flow-Meter Calibration
Since the flow ratio as well as the actual flow rates of the reactant gases were important
parameters, the flow meters for the reactant gases were calibrated first, before starting with
the main experiments. The flow rate of nitrogen and oxygen, obtained from respective
cylinders, was measured and controlled using UNIT mass flow controllers.
The way in which the calibration of the UNIT flow controllers was done is as
follows. For a certain starting vacuum pressure of the reactor, and the valve open by certain
percent, the gas was allowed to enter the reactor for a certain amount of time (At) and the
final pressure of the reactor at the end of the time period was noted. The pressure increase
(OP) was measured and used to calculate the volume of the gas corrected to the STP
conditions (i.e. at T0 = 273K and P0 = 760 torr). The expression for flow rate (F.R.) in sccm
corrected to STP was derived from the gas law and is as follows:
Flow Rate (FR) = 60 (DP/ Dt) (T0V/ P0T) ___________ (4.1)
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Where,
DP = pressure increase (torr), Dt = time duration of addition of gas (sec), V0 = volume of
the reactor.
By carrying out this calculation for different percentages of the valve opening, a
calibration plot was obtained of the actual flow vs. % valve value. This calibration plot was
used to determine the percentage at which the valve should be kept open so as to give the
desired flow rate and hence the desired flow ratio. These flow calibrations were done
periodically to check for inconsistencies.
Leakage and Outgassing Check
Before starting the experiments, the reactor setup was for leakage and outgassing.
With the reactor evacuated and the flow controllers fully open, the valves were closed, and
the flow controller reading was monitored for any change indicating valve leakage.
Leakage of the reactor was checked using alcohol at all the potential points of leakage like
the reactor entrance and the entry point of the reactants. A rapid increase in the pressure
indicated leakage.
Finally, the reactor was checked for outgassing, which is the volatilization of the
deposited compounds on the inside of the reactor, due to extremely low pressure inside the
reactor. To check for outgassing, the pressure in the reactor was lowered to the minimum
steady value. Then all the inlet and outlet valves were closed and the pressure in the reactor
was monitored. The increase in the pressure was noted. If this increase is very rapid, it
implies that there is considerable outgassing. This is taken care of by keeping the reactor
evacuated for a long time and even by heating it. But no matter what, there will always be
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a certain minimal outgassing in the reactor, which is not a problem during the
experimentation and can be neglected.
Experimental procedure
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Figure 4.3: Steps involved in Vanadium Dioxide synthesis process
Wafer cleaning and loading
Single sided polished silicon/ mica/ sapphire/ AlGaN wafers of type, with a thickness of
300 nm and Vanadium deposition of thickness of 70 nm/ 35 nm/ 20 nm, were cut into
identical pieces of 1cm x 1cm. Before loading into the reactor, the wafers were cleaned
with Isopropanol and Acetone. They were then loaded onto a clean ceramic boat by placing
them vertically in the slots provided on the boat. The reactor was brought to atmospheric
pressure, by filling it with nitrogen, so as to open the door. The boat was then carefully
kept inside the reactor at a distance of 45 cm. from reactor inlet and the door was shut close.
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Reactor start-up
Once the wafers were loaded, the door of the reactor was shut, and all the inlet
valves were closed. Now the bypass valve was opened, and the chamber pressure was
reduced from atmospheric pressure to 8 torr. Then the outlet (main) valve was opened so
that the pressure dropped down to as low as 70 milli torr. This two-step procedure of
reducing the chamber pressure ensured that the process wafers were not subjected to a
sudden force and as a result they didn't break. A low pressure was maintained inside the
chamber using the vacuum pumps. At this point the reactor was checked for any possible
leakage. The furnace was then switched on. The temperature of the reactor was increased
in steps of up to the desired growth temperature of 475°C. The external cooling system
(fans) was switched on to keep the pump end cool.
When the temperature and the pressure stabilized, the reaction was started. Before
opening any of the reactant gas valves, the flow controllers for these valves were set to
the desired level. The valves were then opened one after the other. The timer was started
as the pressure of the reactor stabilized. The deposition was then allowed to take place for
a certain period of time. Among the deposition parameters recorded were the pressure,
reaction temperature, flow rates of the reactants and the deposition time.
Reactor shutdown and Wafer unloading
At the end of the given time period, the furnace and the turbo pump were shut off.
The flows of the reactant gases were shut off one after the other. Here care was taken to
see that the gases were evacuated from the chamber as well. The reactor was then
allowed to cool down to room temperature. After the reactor has cooled to room
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temperature, it was still under vacuum. So, nitrogen was let into the reactor till the
pressure became atmospheric. The door of the reactor was then opened, and the boat was
pulled out using a long rod with a hook at the other end.
Reactor cleanup
During every run, the inside of the reactor also became coated and it was essential
to clean the reactor so as to avoid outgassing during the next run. Isopropanol and
acetone, which are good solvents, were used to clean the reactor. Water was avoided
since it, being not volatile, stays in the reactor. The boat was also cleaned and readied for
the next run.
Vanadium dioxide synthesis recipe
The variable parameters for every substrate used for the growth condition for
vanadium dioxide thin film in our LPCVD setup is shown in table below. Additionally,
the key constant parameters are as follows:
•

Chamber pressure: 10-30 mTorr

•

Nitrogen flow rate: 300-305 sccm

Substrate (70nm

Oxidation Time

Oxygen Flow Rate

Temperature

(minutes)

(sccm)

(°C)

and 35nm V
deposition)

70nm V 35nm V

AlGaN/GaN

55

50

75

485

Sapphire

70

60

85

495-500

Silicon

50

40

70

475

Table 4.1: VO2 thin film growth recipe on different substrates & V thickness used.
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CHAPTER FIVE
CHARACTERIZATION RESULTS AND DISCUSSION
The vanadium dioxide synthesized substrates are tested for surface morphology or
crystal growth quality through characterization techniques such as Atomic Force
Microscopy (AFM) and X-Ray Diffraction (XRD). For electrical characterization of the
Vanadium Dioxide, resistance vs temperature study is conducted using a four-point probe
method on a temperature-controlled stage. Then, optical characterization of the sapphire
substrate with vanadium dioxide deposition is conducted. It reveals the transmittance
property of the substrate, highlighting an interesting observation (discussed in the optical
result section to follow).
XRD Characterization
X-ray diffraction is a powerful characterization technique used in the analysis of
crystalline solids that exhibit long range order, i.e. when the atomic positions are repeated
in a regular fashion. When impacted by light or radiation, a 3-dimensional array of atoms,
molecules or ions, cause the light to be diffracted, as described by W. H. Bragg and W. L.
Bragg in 1913. This behavior is summarized by the expression, nλ = 2 d sinϴ (Bragg’s
Law) where λ = wavelength of radiation used (in our case, Cu [Copper] radiation, λ =
1.5408Å), d = interplanar spacing within the crystalline solid and ϴ represents the
incident angle between the x-rays and sets of parallel “planes” in the crystalline solid.
When the x-rays are scattered by the electron clouds of atoms and constructive
interference occurs, the result is recorded as a distinctive powder pattern, plotted as
Intensity vs. 2ϴ, where 2ϴ is the sum of the angle of incidence (ϴ) and the angle of
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reflection (ϴ). Powder patterns for pure phase of mixed powders exhibit peaks at specific
values of 2ϴ (and consequently values of d) yielding a characteristic “fingerprint” that
can be used to identify a crystalline phase or mixture of phases. The values observed for
the d spacings are determined by the size and lattice centering of the crystal lattice. The
intensities observed are determined by several contributing factors including the identity
and positions of the atoms in the lattice, their interaction and absorption of the x-rays.
The thermal motion of the scattered as well as the geometry of the diffraction experiment
can cause peak positions to shift slightly along 2ϴ.

Figure 5.1: Rigaku Ultima IV Diffractometer used for analyzing VO2 crystal peaks on III
Nitride substrates.
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An x-ray source is provided and directed at the crystalline solid sample. Note that
the sample does not need to be a single crystal but can be a collection of crystalline solids
present in a powder. The x-ray source directed at the sample diffracts based on the dspacing and crystal lattices. These diffracted rays are measured at certain angles to view
intensity. This in conjunction with the angle of incidence yields the 2ϴ plot, better known
as the characteristic powder pattern of the sample. Figure y provides an example of what
the detector actually sees, with the brighter rings indicating peak locations and the
brightness of the rings indicating peak intensity. Newer XRD instrumentation removes this
and directly translates the data into a powder pattern.
The measured powder pattern and its d spacings can be searched against a database
of known crystalline materials in order to identify the phase(s) present in a sample.
Result
Figure below shows XRD patterns of q/2q scan for vanadium dioxide deposited on
AlGaN/GaN sample. The deposition was conducted at the susceptor temperature of 500°C
with selective mixture of nitrogen and oxygen at 10 mTorr chamber pressure. Figure 2 (b)
shows the XRD plot of vanadium dioxide peaks present in SiO2/Si substrate prepared at
385°C. The deposition chamber pressure maintained throughout for this process was 6
mTorr. Figure 2 (c) shows the XRD pattern for Sapphire (0001) substrate. The chamber
pressure required for the deposition was 4 mTorr and the susceptor temperature was 425°C.
The conditions for the growth of VO2 on all these different substrates were found to be the
best as mentioned since there was lesser mix of other corresponding vanadium oxide phases
such as V2O3, V2O5 and V6O13.
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Intensity (a.u.)
Figure 5.2: XRD identified peaks of vanadium dioxide on AlGaN/GaN substrate [1].
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Figure 5.3: XRD peaks as recognized standard in literature as per XRD software database
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Intensity (a.u.)
Figure 5.4: XRD identified peaks of vanadium dioxide on Sapphire substrate [1].
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Figure 5.5: XRD Peaks as recognized standard in literature as per XRD software database
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Intensity (a.u.)
Figure 5.6: XRD identified peaks of vanadium dioxide on Silicon substrate [1].
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Figure 5.7: XRD Peaks as recognized standard in literature as per XRD software database
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AFM Characterization
The Atomic Force Microscope (AFM) is an instrument used for studying the topography
of samples with a scale size ranging from microns to sub nanometers. A schematic of an
AFM is depicted in Figure below. The basic components are the scanning unit, the
cantilever with a sharp tip, the optical detection system, and the feedback electronics.
In AFM the cantilever acts as a force sensor: while raster-scanning the sharp tip
over the sample surface, the cantilever deflection is a measure for the interaction forces
between the tip and the sample. Typical cantilever dimensions are in the order of hundreds
of microns. The tip-sample interaction provides the possibility to measure sample
topography, but also other properties can be measured by analyzing the tip-sample
interaction (e.g. variations in local stiffness, friction force and lateral stiffness).

Figure 5.8: The Atomic Force Microscope setup used to analyze the surface topography
of VO2 crystal growth on III Nitride substrate
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A piezoelectric scanner is used to control the position of the probe with respect to
the surface with high precision, both in the lateral (X, Y) and vertical (Z) directions. While
performing the lateral scan, the cantilever deflects due to the sample topography and twists
around its longitudinal axis due to in-plane friction forces. The flexural and torsional
bending of the cantilever are measured using an optical detection system. This optical
detection system consists of a photodetector that collects a laser beam that is reflected off
the back of the cantilever. The photodetector is segmented into four quadrants, such that
both the flexural and torsional signals can be obtained by measuring the difference in
optical powers between either the upper and the lower half, or the left and the right half of
the photodetector, respectively. Finally, the optical power difference is normalized
according to
e = (A + D) − (B + C) / (A + B + C + D)
f = (A + B) − (C + D)/ (A + B + C + D)
where e is the deflection signal, f is the torsional signal, and A, B, C, D are the powers
belonging to the segments of the photodetector, respectively.
Result
The growth of Vanadium dioxide on AlGaN/GaN confirmed by XRD pattern
measurement and is confirmed to be of high quality by Atomic Force Microscopy shown
here. The crystal formation examined on 9x9 µm2 area of VO2 thin film surface is neatly
arranged in continuous fashion with minimal black dots of poor intensity. The RMS
roughness of VO2 on AlGaN/GaN is measured to be 91.5954 nm.
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399.59

0.00

Figure 5.9: Atomic Force Microscope (AFM) of VO2 thin film surface on AlGaN/GaN
substrate [1].
381.45

0.00

Figure 5.10: Atomic Force Microscope (AFM) of VO2 thin film surface on Sapphire
substrate
The growth of Vanadium dioxide on Sapphire confirmed by XRD pattern
measurement and is confirmed to be of high quality by Atomic Force Microscopy shown
here. The crystal formation examined on 9x9 µm2 area of VO2 thin film surface is neatly
arranged in continuous fashion with minimal black dots of poor intensity. The RMS
roughness is measured to be 86.1752 nm.
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Electrical Characterization
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Figure 5.11: Electrical Characterization setup displaying the sample holder, voltage
provider and DAQ
In order to determine the sharp decline in resistance of the vanadium dioxide
deposition on the substrates, this method is employed. The as-grown substrate is put on a
holder which is connected to a thermocouple for measuring the heating of the substrate.
There are two resistance measuring probes placed on top surface of the substrate where
Vanadium dioxide is deposited. The resistance of the deposited film is measured with
change in temperature by increasing heat through step-by-step increase in voltage to the
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heater. The collected data is then plotted on a logarithmic scale in MS Excel to observe the
transition nature of the vanadium dioxide. When the collected data is confirmed to be
appropriate as per the graph generated in MS Excel. The data is then fed to a dedicated
graph generating software (Kaleida Graph) to plot high quality precision-oriented graph
for final analysis and display.

Blanket Si Sample

Patterned Si Sample

Figure 5.12: Vanadium deposited AlGaN and Silicon before being put in the growth
chamber
Vanadium has been shown to go through Metal-Insulator Transition (MIT) at
temperature around 65°C. The figures 4 (a), (b), (c) show the phase transition of
vanadium in AlGaN/GaN, Silicon and Sapphire respectively. The vanadium dioxide film
deposited on AlGan/GaN shows a phase transition of over two orders when encouraged
to grow under as-grown conditions. We corroborate this magnitude of transition to be one
of the best as per literature present at the moment for a low-pressure chemical vapor
deposition growth system for vanadium dioxide thin films on III Nitride substrates. The
growth of VO2 is confirmed by XRD pattern measurement and is of high quality as

42

confirmed by Atomic Force Microscopy. Details of AFM analysis is explained in the
earlier section.
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Figure 5.13: Electrical characterization setup showing zoomed in view of sample placed
on the sample holder with sensing probes on it.
The VO2 grown on our III nitride (AlGaN/GaN) substrate is equally comparable
to the growth on silicon and sapphire substrates. This is so because the VO2 film
deposited on silicon and sapphire also show a growth of over two orders. This
achievement is crucial because the deposition technique used here is LPCVD which is
one of the most cost-effective methods to achieve high quality crystal growth for
microscale as well as nanoscale devices.
Result
The resistance drop is observed around 66 degree Celsius in vanadium dioxide
deposited on the AlGaN/GaN substrate. The change or drop is of over two orders which
signifies a good vanadium dioxide deposition. The deposition CVD parameters are same
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as highlighted above on chapter 4, except that the oxygen flow rate is 70sccm and
deposition time is 55 minutes.
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Figure 5.14: Resistance Transition observed in VO2 on AlGaN/GaN [1].
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Figure 5.15: Resistance Transition observed in VO2 on Al2O3 [1].
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The resistance drop is observed around 65 degree Celsius in vanadium dioxide deposited
on the AlGaN/GaN substrate. The change or drop is of over two orders which signifies a
good vanadium dioxide deposition. The deposition CVD parameters are same as
highlighted above on chapter 4, except that the oxygen flow rate is 75sccm and
deposition time is 120 minutes. Sapphire is a tougher substrate to deposit on or oxidize
vanadium in a uniform manner with good coverage.

R= 530 kOhm

Resistance (ohms)

Resistance change
ratio= 230
R= 2.3 kOhm

Figure 5.16: Resistance Transition observed in VO2 on Si [1].
The resistance drop is observed around 65 degree Celsius in vanadium dioxide
deposited on the AlGaN/GaN substrate. The change or drop is of over two orders which
signifies a good vanadium dioxide deposition. The deposition CVD parameters are same
as highlighted above on chapter 4, except that the oxygen flow rate is 60sccm and
deposition time is 50 minutes.
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Optical Characterization
Optical property of vanadium dioxide grown on sapphire is examined here. The
setup used consists of a 635nm wavelength laser. The laser when switched on passes
through the as grown vanadium dioxide on sapphire substrate. The power detector is
placed below the substrate holder to detect the intensity of light allowed to pass through
the substrate. The power data is then recorded by using a Newport power meter.
Temperature is being continuously raised using the heater pad attached below the
substrate holder. The temperature data is collected using the DAQ system. The processes
happen simultaneously to yield the following result (shown in the result section below).

635nm Laser

Power Meter
Photo Detector

Figure 5.17: Optical Measurement Setup showing the sample holder, sample positioner,
DAQ Monitor and Power Reader
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Figure 5.18: Optical Measurement Setup showing the heater and its connections placed at
bottom of the sample holder
Results
We observe that the light intensity drops sharply at around 67 degree Celsius
confirming high quality vanadium dioxide growth and its optical behavior. The drop, in
power of light is of over 18 percent. It is interesting to note here that the power of light
rises over 36 percent from there on. The reason for this is to be further investigated. At
the moment we believe it is due to the plasmonic effect of the electrons in the substrate.
With rise in temperature above 70 degrees the material behaves like a metal giving rise to
metal nanoparticles to throw more light towards the power detector. This explanation is
to best an estimation. The investigation for an empirical proof is under the scope of its
future work.
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Figure 5.19: Electrical and optical behavior of as-grown vanadium dioxide on Sapphire
substrate.
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CHAPTER SIX
CONCLUSION AND FUTURE WORK
Conclusion
We started with the objectives of finding the growth recipe of vanadium dioxide,
observing the MIT and confirming this transition is due to VO2 by characterizing its
growth. We chose VO2 as the target material since it has a transition closest to room
temperature and is thus attractive for experimental and technological reasons. The sharp
transition in electrical and structural properties of Vanadium dioxide during the MetalInsulator Transition (MIT) is highly attractive for various electronic, optoelectronic and
sensing applications.
In this work, we have studied Chemical Vapor Deposition based synthesis of VO2
on Gallium Nitride (GaN) thin films and compared them with those synthesized on Silicon
and Sapphire. Thin film vanadium metal (70 nm & 35 nm) was deposited on the various
substrates, followed by oxidation under controlled conditions to obtain VO2 films. The
effect of deposition time, oxygen flow rate, substrate temperature, radiative cooling time
and furnace pressure systematically studied to obtain the best quality films. Synthesis was
carried out on large area vanadium deposited samples as well as on microscale vanadium
patterned samples. The as-grown VO2 films were characterized using AFM and XRD
technique to determine their structural and crystalline qualities. VO2 films synthesized
under optimal CVD growth conditions on were successfully utilized for in GaN MEMS
devices for highly sensitive deflection transduction.
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During this course of work, we have successfully demonstrated the synthesis of
vanadium dioxide on AlGaN/GaN heterojunction. AFM and XRD pattern characterization
confirm high quality thin film of VO2 deposited under suitable conditions. Electrical
characteristic of VO2 thus deposited exhibited resistance change of over two orders of
magnitude as similarly compared to Silicon and Sapphire indicating good VO2 deposition.
Future Work
The MIT in VO2 shown in this work, can be made to occur at increased
temperatures above the bulk value of 340 K, which will be essential for applications.
Ongoing research has extrapolated results that suggests that the transition temperature of
VO2 can be increased to beyond 400 K by using the oxides like MnO2 (aMnO2 = 4.3980
Å) and CrO2 (aCrO2 = 4.421 Å) as buffer layers. The reason being both crystallize in the
rutile phase and have much smaller in-plane lattice parameters in the (001) plane compared
to other oxides of the same plane. It is also being suggested that it should be possible to
stabilize a metallic state in VO2 by modifying its orbital occupation. This should be possible
by carefully engineered artificial heterostructures. The realization of such an exotic
metallic state could spring surprises. Although, our experiments with VO2 hetero-structures
showed no such changes, we believe that this is due to the intermixing at the interfaces.
The development of low temperature deposition techniques that will enable thin film
deposition with high quality interfaces could prove vital.
The leakage-current driven Joule-heating that is possible in our two-terminal device
measurements can be overcome by ultrafast pump-probe measurements or by electrostatic
gating in field-effect transistor geometry. Such techniques, like terahertz pumping of an
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insulator and the use of ionic liquids as gate dielectrics, are already being actively
researched and offer a lot of promise. In terahertz pumping experiments, an insulator is
excited on a femtosecond timescale by the use of electric fields generated by a terahertzfrequency optical pulse. Such experiments are fast enough to avoid lattice heating and thus
provide the possibility of observing an intrinsic electronic phenomenon like the Mott
transition.
The use of ionic liquids as gate dielectrics is an exciting and rapidly developing
field for the creation and manipulation of novel condensed matter phases. Ionic liquids are
organic salts that are liquid at room temperature and have a large electrochemical stability
window (>4 V). When used in a capacitor geometry, the application of a voltage across the
two electrodes results in the separation of the ions in the molten liquid, thereby forming
two electrical double layers, one on each of the electrodes. In a double layer, the separation
distance between charges is extremely short (~1 nm) and gives rise to electric fields of the
order of 1-10 MV/cm. These large electric fields can be exploited by using a correlated
oxide material as one of the capacitor electrodes. Indeed, we have already studied the role
of these large electric fields in VO2 and the results are reported elsewhere. It seems that
oxygen vacancy creation and migration driven by large electric fields will have to be
accounted for, in such experiments.
The persistence of MIT in VO2 films down to smaller thickness of deposition is an
exciting prospect. Using such thin films in traditional field-effect transistor geometry with
SiO2 or HfO2, as gate dielectrics, can be very rewarding. Larger conductivity modulation
for the same effective electric field should be possible in transistor devices with thin VO2
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channels. It could be said that the possibilities are endless with transition metal oxides!
Nevertheless, a combination of well-thought experiments and the availability of highquality samples will be critical to the advancement of this exciting area of condensed matter
physics and materials science.
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