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ABSTRACT

Vanadium dioxide (VO2) exhibits a solid-solid phase transformation, transition-
ing from an insulator to a metal when heated above its transition temperature, or
by application of incident light, electric fields, or mechanical strain. Across this
transition, many of the properties of VO2 change in potentially useful ways, in-
cluding the response of VO2 to light. A set of versatile growth procedures have
been developed for the fabrication of vanadium dioxide thin films by Pulsed-Laser
Deposition (PLD), and these procedures have been shown to be compatible with a
wide array of substrates. Several methods have been developed and implemented
for the characterization and study of these thin films, and new, more versatile form
of PLD has been implemented for the more widely applicable growth of doped
VO2 films as well as some more complex films not easily fabricated by standard
PLD. In addition, a new application of vanadium dioxide has been developed to
controllably modify the reflectivity of metal surfaces.
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CHAPTER 1
INTRODUCTION

The transformation of matter between one phase and another has been of in-
terest to the scientific community due to both the underlying physics of phase
transitions in different materials as well as the ways we might put that physics
to use. We see many applications of phase changing materials. Looking at phase
transitions in water, transitions between solid and liquids are remarkably useful
and widely used, as most people in the developed world enjoy ice to keep their
beverage cold. In addition liquid-to-gas phase transitions were the driving force
behind the industrial revolution, with the steam engine harnessing the expansion
of water as it transforms into a gaseous state.

Of course, phase transition are not the only thing of any scientific or techno-
logical importance. Many materials or phenomena that have found widespread
use and applications which are not strict phase transitions, but instead may have
some reversible change in their physical properties caused by an external stim-
ulus. For example, photochromism is a molecular transformation where, when
exposed to certain wavelengths of light, the structure of a photochromic molecule
changes, which in turn changes how the molecule interacts with light, causing a
color change in a material. A widespread example of this is seen in photochromic
eyeglass lenses which darken when exposed to sunlight, but become clear again
when taken back indoors.

Perhaps the most impactful phenomenon we have been able to exploit in re-
cent history came with the advent of semiconductor-based technologies. Since
the invention of the transistor, semiconductors have added uncountable electronic
benefits to the world. Semiconductor-based technologies do not utilize material
phase transitions to accomplish their change in electrical properties, but instead in
semiconductors, the density of charge carriers (electron or holes) and therefore the
electrical conductivity are controlled by doping.

Based on examples like these, it is fair to say that when nature gives us a “han-
dle” by which we can control some mechanism, humanity can find a way to put
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it to use. Vanadium dioxide is a material for which it seems we have several such
methods of control.

Vanadium dioxide is a crystalline material that exhibits a phase transition, dis-
tinct from all the others mentioned here. This phase transition is between two solid
states and is stimulated by several means. When this transition occurs, the prop-
erties of the vanadium dioxide (VO2) change, some properties showing a larger
change than others. Speaking in terms of magnitude of change, the electrical prop-
erties of VO2 can change by a factor somewhere in the range of∼1,000 to∼100,000.
The optical properties exhibit a noticeable change as well, the magnitude of this
change depending on the wavelength of light that is of interest. This phase transi-
tion and its properties have made vanadium dioxide very attractive as smart ma-
terial. However, though its properties have been known and studied since 1959,
VO2 has not found widespread industrial or technological use.

1.1 A general description of the phase transition in vanadium dioxide

Developing the understanding of a phenomenon first requires the understand-
ing of its parts, so let us start with the most basic parts of a material. Richard
Feynman stated in his lecture series[1] that if all scientific knowledge were lost or
destroyed, but one sentence could be passed down to the future, it should be ”that
all things are made of atoms - little particles that move around in perpetual mo-
tion, attracting each other when they are little distance apart, but repelling upon
being squeezed into one another.” Let’s suppose then that it may be helpful to start
from this basic understanding. If all matter is made of interacting atoms, then the
physics of a phase transition should arise from this. We will look more specifically
at the behavior of the electrons during these transitions in later sections. It should
be said though, that he purpose of this dissertation is not to mathematically derive
phase transitions from first principles, but instead to understand how the phase
transition in vanadium dioxide may be applied.

To understand a phenomenon, it is often useful to look to the most widespread
or familiar example. In the case of phase transitions, the most familiar example
is again water. Water exists in the three most common phases of matter: solid,
liquid, and gas. The transformations between the more commonplace versions of
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those phases is something that almost everyone is familiar with, and many stu-
dents learn about on at least a rudimentary level. Starting from the most common
form of solid water (the common, hexagonal crystal Ice Ih), the water molecules
are tightly bound to each other in a rigid structure. If the ice heats up, or in other
words, if thermal energy is added to the solid, these bonds become less stable and
easier to break. This does not, however, mean that these bonds are unimportant.
The water molecules are not rigidly bound, but are interacting to the degree that
they stay in close proximity to other water molecules, but since the bonds can
break, the solid form disappears and the ice melts (thus a solid transitioning into a
liquid state). The change in entropy of the water/ice associated with this transition
is also of note. During the disappearance of the solid phase, the entropy increases,
as the molecules become more disordered. Continuing further, if more thermal
energy is added, these intermolecular bonds do become less important, and the
liquid transitions into a gas, and the entropy of this gas is even greater than the
entropy of the liquid.

These phase transitions can be seen in reverse as well. Removing the over-
all energy available to the system reduces the individual mobility of the water
molecules, leading to a larger degree of order, and a decrease in entropy. In this
way, energy added to or removed from the system can change the phase of this
system by changing the stability of certain arrangements of the atoms in the sys-
tem.

Now it is helpful to look at vanadium dioxide. Vanadium dioxide is a crys-
talline material made up of two oxygen atoms for every vanadium atom present
(meaning it has a basic formula unit of VO2). VO2 exhibits a solid-solid phase
transformation, meaning given a large enough exchange of energy with its envi-
ronment, some arrangement of the atoms that make up the crystalline structure of
vanadium dioxide may be more stable than another arrangement. This exchange
of energy, which will be left as general for the moment, changes the internal energy
available to the nuclei and electrons in the crystal and allows for a rearrangement
of the atomic and electronic structure of the crystal.

Like the phase transitions in water, one method of triggering this phase tran-
sition in vanadium dioxide is the addition of thermal energy. VO2 undergoes a

3
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solid-solid phase transition at a critical temperature, TMIT, of 67 ◦C [2]. The crys-
talline structure of VO2 at room temperature (i.e., below the critical temperature)
is monoclinic; above the critical temperature, the crystal reorganizes into a slightly
more compact rutile structure [3]. The reorganization is the result of a very small
(fractions of an Ångström; see Figure 1.1, below) shift in the atoms in the crys-
talline structure, and therefore happens on very short time scales, measured to be
less than 100 fs, and potentially as short as 26 fs [4] (see Section 2.1.2).

Figure 1.1. The crystalline structure of VO2 in its metallic state (left) and semi-
conducting state (right) with inter-layer distances. [3]

Materials with this type of transition could potentially be utilized in many dif-
ferent ways and may be able to be incorporated into a new generation of devices
in the future. In vanadium dioxide, the phase above the critical temperature, TMIT)
of 67 ◦C is metallic and allows electrons to flow more freely; this high-temperature
state is also relatively opaque. We can compare this with the low-temperature
phase that behaves as an insulator and is much more transparent. Because of this
difference in the electrical properties of the two phases, this transition is most com-
monly called a metal-insulator transition (or MIT).

The physical differences between phases can be exploited for use in advanced
devices that respond on ultrafast timescales to external stimuli that impart enough
energy into the structure to trigger the phase transition. The solid-solid phase tran-
sition of VO2 has been triggered in many ways, including by the application of heat
[2], light [5], electric fields [6], or mechanical strain [7]. Therefore, VO2 has been
considered for a wide range of applications, including optical switches [8], holo-
graphic storage [9], hydrogen catalysis [10], energy-efficient windows [11], and a

4



Texas Tech University, Keller Andrews, August 2019

variety of other thermo- and/or photochromic applications [12], and all because of
the differences in the physical properties of the two solid phases.

1.2 This Dissertation

The goal of this dissertation is to reduce the metaphorical barriers currently
keeping vanadium dioxide from seeing real-world applications, specifically ap-
plications for thin films of VO2. To that end, my goal is to make VO2 more ap-
proachable on several levels.

One potential drawback to the application of vanadium dioxide films is the com-
plex physics underlying the phase transition as well (as some of the contesting be-
tween competing theoretical descriptions of the MIT). While this dissertation will
not add anything to this discussion that has not already been stated elsewhere, it
should serve as a common source for references and ideas related to the physical
theories attempting to describe this transition. In other words, this dissertation
may not say anything that hasn’t already been said, but it will at least have a large
part of the conversation recorded in one place.

Another potential stumbling block for the adoption of VO2 thin films into tech-
nological application may be the possible inaccessibility of high quality films of
the material. To that end, this dissertation discusses the development and char-
acterization of two versatile sets of growth procedures usable in a wide variety of
circumstances and applications while maintaining the quality necessary to maxi-
mize the advantage provided by the change in material properties across the metal-
insulator transition. In addition, new implementations of standard characteriza-
tion techniques are described. These implementations are generally modular, al-
lowing for reconfiguration of a characterization setup to meet new requirements.
In addition, most of these setups are adaptable to a wide variety of measurement
conditions.

Finally, the goal of this dissertation is to develop methods in which VO2 is a more
versatile material, extending the possibilities for where it may be applied. Ideally,
it should be trivial to change the growth procedures of the vanadium dioxide to
meet new requirements. New temperature requirements may necessitate shifting
the temperature at which the MIT occurs. Additionally, the response of a VO2

5
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thin film to stimulus should be adjustable. This adjustability will allow device
designers to more easily configure a device in which a VO2 thin film may serve an
integral part. Some past suggestions where this adjustability would prove useful
are given in Section 2.2 and in Chapter 5.

1.2.1 My Contribution to the Field

None of the work presented in this dissertation could have been done by one
person acting alone. I have received much help in this work, and that should be
assumed for almost any dissertation. It is useful then to emphasize here what I
have personally done to contribute to the body of scientific knowledge.

The bulk of the work in this dissertation is the result of the growth of many sam-
ples by pulsed laser deposition (PLD), all of which were grown by me. The PLD
system used for the growth of these films was delivered in a series of crates several
years ago, and I have spent the largest portion of my time working with the PLD,
for use in depositing, not just vanadium dioxide films, but a variety of films. I char-
acterized many aspects of the PLD, enabling all growth procedures developed for
this system to better be communicated for any other well-described system. This
also required the development of several training systems and general procedures
for the use of this PLD that I was able to establish over time. This has enabled and
supported many projects outside of my own already, and will hopefully allow for
the growth and study of many new and interesting materials.

In addition to general use of the PLD as it was built, I have developed exten-
sions to the standard methods of film growth. Alternating-target PLD will be dis-
cussed in more detail in Section 3.1.1 and had already been implemented for use
in other system and described in theory. However, those implementations had not
been described in enough detail to be easily replicated by others. The as-delivered
computer control of several mechanical elements of our PLD were not quite suffi-
cient to the task of depositing films using alternating-target PLD, and there was no
computerized control of the deposition laser, so I developed a system to simulta-
neously control both systems in an easily reconfigurable manner that enables PLD
growth using multiple materials and allows for control of this growth down to the
stoichiometry of the atomic layers being deposited.

6
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Along with this extension, I developed a standard set of growth protocols for the
growth of VO2 thin films on a variety of substrates. The optimization of this set
of protocols accounts for approximately half of the several hundred films I have
grown using this PLD system. The films grown using this optimized set of pro-
tocols are not only forming the basis for my dissertation, but are being used for
research by many students at Texas Tech, and will hopefully enable more research
of that nature to continue.

In addition to the general growth of films, I helped build the infrastructure for
the processing of these films. That involved the design of a wafer scribing and
cutting jig to precisely cut substrates, as well as the development and construction
of annealing furnaces for the post-deposition processing of samples. The vacuum
furnace was adapted from a gas purifier found in left-over equipment from a for-
mer lab. Utilizing the structure and heaters from the gas purifier, I added a new
temperature control system and redesigned the purifier tube to accommodate the
insertion and removal of samples. This tube furnace has now gone through sev-
eral iterations and is now capable of heating samples to controllable temperatures
at adjustable rates for pre-programmed durations and temperature cycles, all in a
controlled atmosphere with the pressure and gas-composition desired by the user.
A model of this furnace can be seen in Figure 3.3.

In addition to the infrastructure built for fabrication, I have built the setups used
in much of the optical and electrical characterization of these films. The heated
and cooled sample holders shown later in Figure 3.5 were machined from copper
by me with advice from the physics department machinists. The sample retain-
ing inserts were designed and machined by others. The setup for the pump-probe
technique used to verify the switching of films is of a common design, but I per-
formed the assembly and alignment. The spectroscopic characterization setup was
also pieced together from parts I selected and assembled. Spectroscopy is a com-
mon characterization technique, but not many peicemeal setups have the capa-
bility to automatically correlate sample temperature and take spectra accordingly,
and few incorporate multiple spectrometers simultaneously, as I have set ours up
to do.

7
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CHAPTER 2
THE STATE OF VANADIUM DIOXIDE

Discovered by Morin in 1959[2], the phase transition in vanadium dioxide (VO2)
arises from the strong correlation among the electrons in the narrow d-orbitals of
vanadium, altering its properties from an insulating, monoclinic unit cell below
its transition temperature (TMIT ) to a metallic, tetragonal cell when the material
is heated past TMIT . The physical properties of VO2 change across the metal-
insulating transition (MIT), and are discussed in this chapter.

2.1 The Metal-Insulator Transition in Vanadium Dioxide

Table 2.1. Properties of vanadium dioxide below and above the metal-insulator
transition

Property Insulating (<67◦ C) Metallic (>67◦ C) Reference

DC Resistivity ∼ 10−1 Ω-cm ∼ 10−5 Ω-cm [13]

Crystalline Phase
Monoclinic Tetragonal rutile

[13](P21/c) (P42/mnm)

Electron Density 1.9× 1019 cm−3 1.9× 1023 cm−3 [14]

Optical transmission Partially Partially
[13](IR and NIR region) transparent opaque

VO2 is the textbook case of a MIT. It is an end member of the Magnèli phases
of vanadium oxides, which are materials of the form VnO2n−1 in which n → ∞
leads to VO2[15]. Many of the Magnèli phases of vanadium oxides exhibit metal-
insulator transitions, but VO2 is the most studied member of the MIT transition-
metal oxides. Vanadium dioxide transitions from a monoclinic structured insula-
tor (the so-called M1 phase) to a rutile structured metal (the so-called R phase)
at a temperature of 67 ◦C[2]. The monoclinic (cold) structure is a distortion of the
rutile (hot) structure. This distortion is somewhat small compared to the overall di-
mensions of the crystalline unit cell, with uniform V-V interatomic distance along
the c-axis changing from 2.86 Å in the rutile state to two different, tilted distances

8
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of 2.65 Å and 3.12 Å, which are tilted with respect to the c-axis in the monoclinic
state (distance changes of−0.21 and +0.26 Å, respectively; see Figure 1.1[3] as well
as References [16, 17, 18]). This V-V dimerization changes the strength of the in-
teraction between the vanadium atoms with a decreased separation indicating an
increased interaction and an increased separation indicating a decreasing interac-
tion (see the distinction made between weak and strong cation-cation interactions
in Goodenough 1960[17]). The oxygen octahedron on the other hand changes very
little (the greatest change in O-O distance being a lengthening of ∼0.1 Å), only
moving as the vanadium atom shifts from the center of the octahedron as it dimer-
izes with a nearby vanadium atom [19]. Once this distortion is relieved, the ma-
terial is more ordered and the electrons flow more freely, leading to an increase in
conductivity by four to five orders of magnitude[20]. These free electrons are also
more able to interact with light, leading to a decrease in transmission, mainly in
the infrared wavelengths[13]. The effects of this transition on some properties of
note for this dissertation are given for reference in Table 2.1.

Figure 2.1. An example hysteresis in the transmission of vanadium dioxide across
its metal insulator transition.

2.1.1 Hysteresis in Vanadium Dioxide

Across the transition between the insulating and metallic state, vanadium diox-
ide generally exhibits a hysteresis when switching, as can be seen in a transmission

9
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measurement taken at a wavelength of 1550 nm, in which the vanadium dioxide
was heated past its transition into the metallic state and then cooled back below
its transition temperature into the insulating state. Due to this hysteresis, there is a
visible difference between the temperature of the two transitions, with the heated
transition occurring at a higher temperature and the cooled transition occurring
at a lower temperature. In vanadium dioxide, the transition is often discussed in
terms of the width of the hysteresis, or the gap between the heating and cooling
curve at the midpoint of the transition (as can be seen in Figure 2.1). The change
from the property before and after heating across the transition is also discussed
and is usually referred to as either the contrast or the amplitude of switching.

Some aspects of the Mott-Hubbard and the Peierls descriptions of this transition
are discussed in Section 2.1.3, but an early attempt at combining aspects of the two
helped explain the existence of this hysteresis[21, 22]. The 1980 model by Paquet
and Leroux-Hugon calculates the free energy of VO2 as a function of the crystalline
distortion, η, to account for electron-lattice interactions, and the mean amplitude
of the local magnetic moment, µ, to account for electron-electron interactions. At
TMIT, the free energy surface has two local minima corresponding to the metallic
and insulating (See Figure 2 in Paquet and Leroux-Hugon, 1980[22], where the
minima occur at ), separated by a line of maxima. As the temperature changes, η
and µ change as well, making the minimum corresponding to the insulating more
stable at lower temperatures while destabilizing the region corresponding to the
previous metallic minimum (and vice versa for higher temperatures).

Speaking phenomenologically, several morphological and compositional traits
introduced by the fabrication or growth of vanadium dioxide can have a large
impact on the hysteresis in VO2. When looking at single vanadium dioxide crystals
or single-crystal thin films a remarkably sharp transition is observed with a vary
small difference between the heating and cooling transition temperatures (i.e. a
small hysteresis width) [23]. However, as a film becomes more polycrystalline,
more prominent grain boundaries and a more varied range of grain sizes mean
that, though each individual grain may display a sharp transition, all of the grains
will not generally share the same transition characteristics, which may make the
collective transition more gradual[24].
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As the material moves away from the a more “idealized” VO2 crystal by in-
troduction of defects or dopants, changes in the exact dependence of the free en-
ergy on µ and η can change the temperature range over which the insulating and
metallic phases are stable (see Section 3E and Sections 4 in Paquet and Leroux-
Hugon, 1980[22]). This can be seen in practice when looking at different ways
VO2 has been grown or doped. As mentioned, single crystals show a small hys-
teresis width. However, strained nano-crystals can display a very wide hysteresis
width (upwards of 30 ◦C[25, 26]). Dopants can have a similar effect on the hystere-
sis from an electronic approach rather than solely a crystalline approach (though
both are usually affected simultaneously[27]) . For example, titanium, vanadium
and chromium are all of a very similar size to one another but have different elec-
tron configurations. Doping vanadium dioxide with titanium or chromium can
change the hysteresis width, each with a slightly different effect. For example,
some studies have shown Cr-doping to increase the temperature at which the ma-
terial switches from insulating to metal without affecting the temperature at which
it switched back from metal to insulator[28]. Titanium doping, on the other hand,
has been shown in several cases to reduce the hysteresis width in thin films which,
undoped, had wider hystereses[29, 30]. Meanwhile, a dopant such as tungsten,
with a different electron configuration and a much larger radius, can affect changes
to the transition by modifying both the electron-electron and the electron-lattice in-
teractions (both µ and η), where it is generally agreed that the tungsten reduces the
Peierls distortion while contributing more conduction electrons[31, 32, 33]. These
together reduce the overall transition temperature and generally widen the hys-
teresis gap.

2.1.2 Inducing a Metal-Insulator Transition in VO2

The metal-insulator transition in vanadium dioxide can be induced in a number
of ways. The most common two are through thermal and optical excitation, though
other methods such as application of an electric field[34] or application of external
strain[7] are often used.

When inducing a transition in vanadium dioxide via stress, there are generally
two sources of stress used: internal stress (crystalline distortions), and external
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stress (mechanically applied). Crystalline strain is induced either by doping the
material (such as with chromium[35] or tungsten[36]) or by growing the material
on a substrate with a high lattice mismatch[37]. Whatever the source of the strain,
a change in strain is connected with a change in the thermal transition, where,
upon an increase in strain, a VO2 crystal displays a lowering of the temperature at
which vanadium dioxide switches from an insulator to a metal (for a P − T phase
diagram, see [38] or [39]).

As mentioned, the MIT in VO2 can triggered by an electric field. There is some
debate as to whether or not this is a special case of thermally inducing a transition
through Joule heating, but some thermal studies have shown that in some cases, al-
though a transition is observed, Joule heating does not raise the temperature above
TMIT, and so there must be an electrical effect as well[40]. Even when some poten-
tial bias is applied when heating and cooling VO2 to thermally induce a transition,
the applied voltage can change the behavior of VO2 across its MIT, changing its
behavior by modifying the carrier density both in the insulating and the metallic
state[41, 42]. Even so, electrical control of the state of VO2 has shown the transition
occurring for driving frequencies in the GHz range[43].

Under current descriptions of the transition, thermal excitation of the metal-
insulator transition is thought to occur as increased thermal energy increases the
value of the transfer integral (to be discussed with the Mott-Hubbard model), or
the crystalline distortion is no longer energetically favorable (to be discussed with
the Peierls transition description). When increased above a certain value, the en-
ergy to be gained by transferring electrons between available sites on neighboring
vanadium atoms exceeds the coulomb repulsion between electrons already at that
site, and conduction can occur. Optical excitation is thought to occur through a
similar process, and can act on ultrafast timescales. Additionally, inducing the MIT
through optical means has been used to measure how quickly the transition can oc-
cur. Measurements of this transition time have been getting faster and faster, set-
ting an upper bound for the transition time at less than 500 fs in the mid 1990s[44].

A recent measurement of UV absorption spectroscopy has claimed a new fastest
transition time pinned at 26 fs[4]. In this experiment, a 780 nm laser was used
as a pulsed optical pump. The pulse duration was less than 5 fs, and the inci-
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dent laser fluence was 25 mJ/cm2, giving a very large peak power density. How-
ever, some earlier ultrafast papers argued that transition time measurements be-
low timescales of about 80 fs had already shown a bottleneck of the transition due
to limitations of the structural motion, requiring enough time for the V-V pair-
ing to break[16]. Follow-ups to these initial papers argued that, instead, ultra-
fast studies might induce an unstable, excited electron state instead, described by
the authors as laser photo-doping excited by high laser fluence rather than a true
metal-insulator transition[45]. The authors assert that a true MIT could stabilize
from these photo-excited states after some time, due to thermal exchange between
the electrons and the atoms, and electron diffraction studies have shown that the
atomic response to these types of ultrafast excitations can be complex and some-
what step-wise[46, 47]. Later papers do claim to have shown transition times of
40 fs, a time below the structural rate-limiting step in the formation of the metal-
lic state[48]. However, the magnitude and persistence of this change is strongly
dependent on the incident laser fluence.

It is important to point out here that none of the experiments explained later
in this dissertation begin to approach the timescales described above. The closest
the characterization methods come to this is the pump/probe described in Sec-
tion 3.2.3, in which measurements take place on millisecond scales. All other char-
acterization methods take place over longer periods of time to allow for proper
thermal equilibrium over the entire sample. In general, these techniques charac-
terize a large area of the sample (compared to ultrafast pump probe) to understand
the large-scale behavior of the sample, while it should also be noted that the lasers
in the last ultrafast study mentioned had been focused to spot sizes of ∼15 µm in
the case of the probe beam and ∼30 µm in the case of the pump beam, so these
transitions are not being induced over the entire sample[48].

2.1.3 Proposed Models of the Metal-Insulator Transition in VO2

When Morin published the discovery of a set of oxides which show a metal-
insulator transition (including Ti2O3, VO, and V2O3 along with VO2), the explana-
tion for this phenomenon given as in the conclusion of the paper was a splitting
of the conduction band arising from some competitive correlation the d-orbitals[2,
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49]. This started a competition to explain this effect which has been running ever
since.

The two properties with the most notable changes across this MIT in VO2 are
arguably its structural transition (from a monoclinic to tetragonal rutile structure)
and its electronic transition (from an insulator to a metal). When the change in en-
tropy across the thermally-induced phase transition was measured in VO2 nano-
beams[50] (cylindrical VO2 crystals, generally a micron in diameter and tens of mi-
crons long), ∆S per V-V pair was found to be 3.0± 0.3kB, where kB is Boltzmann’s
constant. This would be a change in entropy per unit VO2 of ∆SV O2 = 1.5kB or
12.6 J

molK
. This is consistent with earlier microcalorimetry measurements, which

found ∆S = 12.5 J
molK

[51]. For context this can be compared to the change in en-
tropy associated with the commonplace transition from Ice to water at 0 ◦C, where,
per molecule, ∆S = 22.0 J

molK
. In the case of VO2, estimates based on the phonon

density of states calculated from inelastic X-ray scattering suggest that phonons ac-
count for approximately 2/3 of the total increase in entropy at the MIT[52], which
could mean the structural transition accounts for most of the stabilization of the
metallic phase.

As the electronic and structural transitions occur almost simultaneously, the two
leading theories used to explain the transition in VO2 are the Mott-Hubbard tran-
sition (focusing primarily on the electronic effects driving this transition), and the
Peierls transition (focusing primarily on the structural effects driving this transi-
tion).

The Mott-Hubbard model starts from the basis of Mott insulators. Under con-
ventional band theory, materials with a single electron at each site should be con-
ductors, as there are empty bands corresponding to the available sites on neighbor-
ing atoms to which those electrons may move. It was quickly discovered that this
was not a sufficient assumption, and Mott showed that, for NiO, an insulator with
a single electron per unit cell, electron-electron interactions may give rise to an en-
ergy gap between a filled lower-band of d-shell electrons separate from an empty
upper-band[53] where these available sites sit. This gap was quantified by Hub-
bard in 1963[54], and is dependant on a transfer integral. Changes in this transfer
integral can change the band structure, meaning that these changes might alter the
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state of a material described by this Hubbard gap to exhibit a insulating-to-metallic
transition as the transfer integral changes. As mentioned above, increasing the
temperature of the material can increase the transfer integral as electrons are more
likely to move from site to site.

On the other hand, the Peierls transitions focuses on how changes in the lat-
tice affect changes on the electronic structure, rather than independent changes in
the electronic structure arising as in the Mott-Hubbard model. In Peierls’ book,
”Quantum Theory of Solids,”[55], he outlines how, in an infinite one-dimensional
linear chain with evenly spaced atoms, some distance a apart, displacing every rth

atom reduces the symmetry of the chain and increases stability, with the simplest
case being for r = 2, where every other atom is shifted closer to its next neighbor
along the chain.

Figure 2.2. One dimensional chain of atoms displaying a Peierls distortion and a
doubling of the unit cell.

Due to this site-pairing, the unit cell required to describe this periodicity dou-
bles in size (or, in general, r-tuples in size), including twice as many (or r-times as
many) points as in the evenly spaced, degenerate state. In addition, there is an en-
ergy difference for an electron to move from its site to a site on the close neighbor
or the far neighbor. This extra hopping energy required for an electron to move
from one site to another across the long gap gives rise to a band gap in this type of
structure. This band gap arises due to the physical gap created by the long-stretch
portions, labeled as a2, in Figure 2.2. Compare this physical gap with the crystal
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structure of VO2 in its insulating state. Figure 1.1 is labeled with the distances be-
tween neighboring vanadium atoms. In the metallic state, they are evenly spaced,
but in the insulating state, there is a displacement reminiscent of Peierls’ proposed
distortion in a one-dimensional chain.

There is still some debate as to which theoretical system best describes the metal-
insulator transition in VO2. The explanation based on the Mott-Hubbard descrip-
tion of the system describes the observed ultrafast nature of the transition as well
as the narrowing of the d-bands. In addition, along side the M1 and R phases of
VO2, there exists an M2 phase of VO2, another monoclinic phase, where there is a
partial absence of Peierls-like distortions, but the material is still insulating. On the
other hand, the structural transformation from the standard M1 insulating phase
of VO2 to the metallic R phase has a change in unit cell and un-pairing of vana-
dium atoms consistent with a Peierls transition. Neither system seems perfectly
suited to describing this transition, so it is not surprising then that recent theo-
retical treatments have come to some “middle ground” description, stressing the
joint-effect between correlation- and lattice-driven interactions[56], even going so
far as to label the transition as “Peierls-Mott”[57] or “Correlation-Assisted Peierls
Transition”[58].

While the determination of the exact nature of this transition is a crucial question
to answer for those interested in the dynamics of this system, it is not essential that
it be answered for the work in this dissertation. Instead, from this point forward,
focus will be placed on the difference in the material properties of vanadium diox-
ide on either side of its transition rather than the exact physics that gives rise to
those changes.

2.2 A Selection of Past Proposed Applications of Vanadium Dioxide

VO2 thin films have been fabricated by a wide variety of methods including RF-
sputtering[13], electron-beam (e-beam) deposition[59], pulsed-laser deposition[12,
60], chemical-vapor deposition[61, 62], and sol-gel methods[63, 64]. In addition,
vanadium dioxide has been grown on a number of different substrates using these
methods. While this is not a comprehensive list of all substrates used in literature, I
have personally grown VO2 on several glass types, on a-, c-, and r-plane Al2O3, on
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silicon, SiO2 (single crystal and amorphous), on TiO2, and on a variety of metals.
Vanadium dioxide has the potential to be grown in a cost effective manner, on both
cost effective substrates and substrates of interest for technological applications.
As such, there have been many proposed applications of VO2

It is helpful to note that many of the situations for which VO2 is a proposed
application utilize the change in the optical properties of VO2 across its transition
or conversely inducing a transition in VO2 by means of some optical excitation.
This change in the optical properties of VO2 was first measured in 1966[65], and is
most extreme for infrared wavelengths. The optical constants of VO2 (namely the
real and imaginary parts of the complex dielectric constant) were measured for the
insulating and metallic states of vanadium dioxide, allowing for more informed
calculations predicting the behavior of VO2 across this transition. It was also dis-
covered that both the transition temperature and magnitude of transition could be
tuned by doping the vanadium dioxide with other materials[66].

While all studies of the transition up to this point induced a phase transition by
heating the vanadium dioxide, the transition was induced by means of an optical
excitation by Roach in 1971[67]. By exciting the transition with a short laser pulse,
an upper limit on the transition time for the MIT in VO2 was placed at 20 ns (which
the authors noted as the fastest measured transition time to date). Roach contin-
ued this work by showing that VO2 could be used by this means as a method of
holographic storage[9]. A sample was grown by sputtering onto glass, and a ther-
mal bias was applied to decrease the rate at which the sample transitioned back
from a metallic state to an insulating state, which thereby decreased the rate at
which holography decayed. A small portion of the sample was then excited by
a laser pulse which had been split into to beams which were allowed to interfere
at the sample, producing a sinusoidal variation in optical power incident on the
sample, and thus a grating of alternating material phases. Metallic phases were
present at regions of constructive interference while insulating phases remained
at regions of destructive interference (though the authors note that the power of
the incident beam can affect how far into the destructive interference regions the
metallic phase creeps). The reflectivity of the excited portion was monitored via
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reflection of a probe laser. Roach showed that for the right range of laser power, a
grating was present, from which the probe laser would diffract.

In an effort to utilize the change in optical characteristic in a more broad field,
VO2 has been proposed as a smart, energy-saving window coating. The general
idea of a smart, tunable window was stated and outlined early on, notably by Lam-
pert in 1984[11]. For adaptable windows that would help lower electricity costs
for buildings, a window should be close to transparent for visible wavelengths
and switchably transparent or opaque for infrared wavelengths. VO2 quickly be-
came a candidate[68]. Thin films of vanadium dioxide generally show an increase
in reflectivity for wavelengths longer than ∼1 µm when in the metallic state, al-
though it is not entirely transparent for visible wavelengths, but appears as more
of a brown film. Even so, it has recently been proposed to pair the transition in
vanadium dioxide with a proposed self-cleaning coating of titanium dioxide for
self-cleaning, smart windows[69]. The proposed application would see a TiO2 thin
film on the outer window surface, where absorbed ultraviolet light would activate
the photocatalysis in the TiO2 film, ideally decomposing contaminants on the out-
side of the glass. Meanwhile, on the inner side of the window, the VO2 film would
modulate infrared transmission, allowing it to pass when the interior is cold, but
blocking the transmission when the interior is warmer than TMIT.

Lastly, a series of applications was gathered in a 2018 review of vanadium diox-
ide written by by Liu et al.[38] As the absorbance of vanadium dioxide can be high
in the infrared, VO2 could be used as an infrared bolometer, becoming less resistive
when enough light is absorbed. Liu mentions vanadium dioxide as a component in
smart windows before then moving on to VO2-based field effect transistors (FETs).
The metal-oxide-semiconductor field-effect transistors (or MOSFETs, the current
the standard on which most chips are based) are plagued by current leakage and
the short-channel effect when miniaturized. Liu claims that a Mott transistor could
overcome these issues, though Mott transistors would not be a direct replacement
for MOSFETs. Mott transistors work based on an electrostatic switching of VO2.
While MOSFETS allow current to pass through the transistor at a rate roughly pro-
portional to the applied gate voltage, Mott transistors have a much more binary
functionality, either allowing current above a threshold voltage or blocking it be-
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low. The final application mentioned by Liu would utilize the lattice dynamics of
vanadium dioxide crystals rather than the electromagnetic response. Vanadium
dioxide has a high elastic modulus above and below its transition, and when tran-
sitioning from an insulator to a metal, the volume of a VO2 crystal increases. Liu
proposes using these crystals as micro-muscles. The high elastic modulus and
strain across transition would lend a large work-density to these muscles, which
could be useful for micro-scale applications.
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CHAPTER 3
METHODS OF GROWTH AND CHARACTERIZATION OF MATERIALS

This chapter focuses first on the methods of growing, not just vanadium dioxide
thin films, but on the methods used to prepare and grow all materials used in this
dissertation. In addition, this chapter presents the methods used to analyze the
various materials grown and samples studied.

3.1 Growth of thin films by two primary methods

The bulk of the samples studied in this dissertation were either grown using
pulsed laser deposition, electron-beam deposition or a combination of the two.
Those methods are discussed here, and the particular systems used in the growth
described.

3.1.1 Film Growth by Pulsed Laser Deposition

Figure 3.1. A simplified illustration of a pulsed-laser deposition system.

Pulsed laser deposition (PLD) is a physical vapor deposition technique used in
the growth of thin films. It is primarily used in the growth of non-metallic com-
pounds, generally being used in the growth of metal-oxides, nitrides, phosphides,
and some semiconductors. Metallic films could be deposited by PLD, but those
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materials are generally more easily deposited through other techniques, while it is
generally difficult to deposit materials like oxides through some other means.

In PLD, a substrate is placed into a vacuum chamber opposite a target com-
posed of the primary material to be incorporated into the film. The chamber is
evacuated to ultra-high vacuum levels (i.e., chamber pressures less than 10−9 Torr),
which serves the dual purposes of removing contaminants that may incorporate
themselves into the film and clearing the path for the deposited material. If the
atmosphere is partially replaced, it is replaced with a gas that will become a part
of the film (e.g., oxygen), but still at relatively low pressures (∼10−3 Torr). A se-
ries of high-power laser pulses, generally with a wavelength in the ultraviolet, are
fired into the chamber through a window and onto the target, ablating the target
material and creating a plasma plume that is then deposited onto the substrate.

The use of a high-power UV laser is what makes PLD ideal for oxides and other
materials that generally have high melting points. In many other other physical va-
por deposition techniques, the target material that will eventually form your thin
film must first be heated, almost to melting. For a thermal evaporation system, a
sample is heated, usually by resistive means, to a temperature at which its vapor
pressure is higher than the surrounding vacuum, and so it evaporates (or subli-
mates if the target is still completely solid) onto the colder sample surface above it.
In ebeam deposition, a beam of electrons heats the bulk of the target material, and
the process is much the same. However, in PLD, the ultraviolet laser is absorbed by
only the surface layer of the target, meaning the deposited energy density is signif-
icantly higher. The concentration of the deposition of energy into only the surface
layer of the target allows for much higher temperatures to be reached in the target
material, which allows metal-oxides which would be difficult to melt otherwise, to
be ablated and deposited. This causes the material on the surface of the target to
quickly transition from a solid to a plasma that is ejected from the target surface
towards the sample with a much higher kinetic energy than a simple evaporative
method.

There are many factors that impact the material growth in a PLD process. Some
of these factors are associated with the laser, such as the energy density mentioned
earlier. A higher or lower energy density will change the thermal energy in the
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material ablated as well as the amount of material ablated. The total pulse energy
also affects this, so knowing the size of the incident beam on the target is necessary.
For our system, the beam area at the target was measured by firing laser pulse onto
thermal paper. The area of the thermal paper exposed to the laser turned black,
and this exposed area was measured through some image processing means using
MATLAB R©. The rate at which the laser fires can also have some effect. If the
repetition rate is fast enough, one laser pulse can come too soon after the previous
pulse and fire through the remnants of the plume of plasma caused by the previous
pulse. The total number of pulses is also important, but mostly insofar as it is the
main controller of the thickness of the film. By firing twice the number of pulses,
the thickness of the final film is doubled. Normally, to grow a thin film with a
certain thickness, one film is grown with a large number of shots, and then the
film thickness is measured and used as a “standard” by which the desired number
of shots is determined other films deposited using the same growth protocols.

In addition to the state of the laser, the state of the chamber is important to the
deposition process. Most evidently, the selection of target material has the largest
effect on the final film properties. For example, a vanadium oxide film could be
grown with a vanadium dioxide target or potentially a V2O3 target under the right
conditions, or even a pure vanadium target, as we have chosen to do. Each of these
is a valid choice, but the selection of target determines the rest of the deposition
process (especially the laser parameters already mentioned). In addition to the
target material, the substrate on which the thin film is grown has a large impact
on the final film. Thermal compatibility and lattice mismatch must be taken into
account when selecting a substrate on which to grow a film.

The distance between the target and the substrate also plays a role in the growth
of the film. As the plume moves from the target to the substrate, two things oc-
cur. The plasma plume cools off, and the material in the plume interacts with the
background gas. The shorter this distance is, the more thermal energy the ablated
material will retain and the less the plume will have interacted with the back-
ground gas. Whether a warmer deposition or more gas interaction is desirable or
not is dependant on the particular deposition process that is being developed. In
the same vein, the pressure and composition of the background gas in the cham-
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ber can change the composition of the final film. Using a VO2 deposition again as
an example, without a background pressure of oxygen, a vanadium target creates
a vanadium film. However, by maintaining a specific pressure of oxygen in the
deposition pressure, the vanadium plume reacts with the ambient oxygen and oxi-
dizes before being deposited. The degree of oxidation depends on the gas pressure
and the temperature of the substrate.

The substrate temperature (the last growth factor discussed here) also affects
the growth of the sample. A higher temperature means not only will the material
in the plume react with the background gas, but the already-deposited material
will still interact with the gas to an extent determined by the temperature of the
substrate, (and thus the temperature of the film) as well as the material being de-
posited. Using metals as an example, a gold film will interact more slowly with
background pressure of oxygen almost regardless of temperature while an iron
film would oxidize more quickly at higher temperatures.

Figure 3.2. Comparison of three variations of pulsed laser deposition (top) and
example operation of alternating-target PLD (bottom).

“Standard” PLD utilizes a single laser and a single target to produce a thin film.
However, there are countless variations upon the “standard” setup. Two variations
aimed at producing complex films are multi-target PLD and alternating-target PLD
(both illustrated in Figure 3.2).
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In multi-target PLD, two (or more) targets are used and are concurrently ablated
using multiple focused laser beams to form a thin film which is a composite of the
two (or more) target materials. While this method has an advantage of mixing the
target materials in the ablation plume where the material is more reactive, the opti-
cal and mechanical components involved in this concurrent ablation (i.e., multiple
laser sources and/or complex optical systems) are sometimes a hindrance to the
appropriation of this method.

In comparison, alternating-target PLD ablates material from one target at a time,
progressing through a cycle of different individual targets, thereby minimizing
any component complications. Each cycle of targets is used to deposit, at most,
a single crystalline monolayer, repeating the cycle as many times as necessary to
build up the desired film thickness. While the technique does not allow the user to
mix materials in the ablation plume, the nature of depositing less than a crystalline
monolayer per laser shot means that any non-homogeneity should be relatively
small. In theory, this intra-layer mixing should be able to give a composition that
is functionally identical to that given by multi-target PLD, but to do so, more opti-
mization of the growth procedures may need to be done.

One way we can take advantage of this is by alternate deposition of a controlled
amount of vanadium and a controlled amount of 2.5at.% tungsten-doped vana-
dium, and repeating this two-step cycle until the desired thickness is reached. This
will produce V1−xWxO2 films with tungsten fractions between the two endpoints.

The “alternating target” for the alternating-target PLD technique was imple-
mented in our PLD system by incorporating both control of the laser and control
of the motor used to select targets in the chamber into a new single LabVIEWTM

virtual instrument. Deposition targets are stored in the growth chamber on a ro-
tatable carousel. During deposition, individual targets are selected by moving a
rotary feedthrough, linked with a stepper motor controlled by a NI-motion PCI
card. Using this interface, we achieved automatic target selection by controlling
the motor in a sub-VI via the NI-Motion VI, provided in the driver software for NI
motion controllers.

Laser control was achieved through a separate sub-VI in which serial commu-
nication to the laser was controlled through a state machine (an architecture im-

24



Texas Tech University, Keller Andrews, August 2019

plemented in LabVIEWTM which can be in one of a finite number of “states”).
The serial communication was established according to the communication syntax
provided in the COMPex Pro R© interfacing manual, and a state machine stepped
through states corresponding to each growth parameter pertaining to the laser, ver-
ifying the parameter is set correctly before continuing to the next state/parameter.

These two sub-VI’s allow for a flexible implementation of automated alternating
target PLD, requiring only an initial setup by the user to deposit a mixed-target
film. In the current implementation, all that is required from the user at the begin-
ning of deposition are the locations on the carousel of targets #1 and #2, and the
energy of each pulse, rate at which the pulses are fired, and number of pulses per
layer to be fired onto each target (i.e. energy #1, energy #2, rate #1, rate #2, etc.).

It is likely apparent that, in the synthesis of V1−xWxO2, only two targets are
required. However, alternating-target PLD is very modular by nature and is there-
fore extremely expandable. One can imagine a complex growth procedure that
would utilize all six targets in the system with multiple sets of laser parameters
per target throughout the deposition. In this LabVIEW implementation, expand-
ing the main VI to accommodate this procedure is little more than a matter of
simple copy and paste.

Our PLD system has been used for growth of several oxides, many of which
require post-growth annealing. Annealing is a heating process that accomplishes
several things at once. Heating a material above a certain temperature allows for
crystallization to happen in the film. This is often useful as crystalline grain size
has some effect on the final properties of the film. In addition, remaining at high
enough temperatures for a prolonged period of time allows for strain relief, as
grains are reshaped and possibly reoriented to minimize crystalline strain. An-
other process that may take place during the annealing of vanadium oxide films in
particular is the further oxidation of the film. In depositions like ours, it has been
found through Rutherford back scattering experiments that the thin film is gener-
ally not quite vanadium dioxide, but is closer to VO1.7[70]. Annealing under some
partial oxygen pressure can further oxidize the film, leading to a stoichiometric
vanadium dioxide.
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Figure 3.3. Model of vacuum furnace for annealing

Annealing for this dissertation was performed in a custom-built vacuum fur-
nace, a model of which can be seen in Figure 3.3. Beginning with an RD-Mathiss
GP-100 gas purifier, the gas purification tube was replaced with a quartz tube fit-
ted with a glass O-ring joint on one end fora mode of quick access that could still
be vacuum sealed, and a KF-25 flange on the other end which was attached to a
KF-cross that has several attachments, two of those being a vacuum gauge and a
bellows hose leading to a vacuum pump (an Edwards XDS 10 scroll pump for most
operations). The tube can be evacuated by the scroll pump and gas reintroduced
through a fitted cap on the O-ring joint. The ceramic heaters originally included in
the gas purifier are controlled by an Omega CN7800 temperature controller which
monitors the temperature inside the tube by a thermocouple inserted through an-
other attachment to the KF-cross.

In general, to grow the vanadium dioxide studied in this dissertation, two sets
of growth protocols were developed. The main difference between the two proto-
cols is the substrate temperature during growth. During the first set of protocols,
the substrate remains at room temperature (and so I will be referring to this as the
room-temperature deposition or RT-VO2). During the room-temperature deposi-
tion, a partial pressure of oxygen is introduced into the growth chamber, and the
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pressure is kept at 5 mTorr. The height of the growth stage, where the substrate is
held, is adjusted so that the distance between the substrate surface and the surface
of the vanadium target is 8 cm. For the deposition, the laser pulses are set to have
an energy of 400 mJ per pulse and fire at a rate of 10 Hz. The lens is positioned
to adjust the spot size of the laser on the target to be 16.7 mm2, giving an en-
ergy density of 2.4 J/cm2. Under these conditions, 40,000 pulses fired gives a film
with a thickness of 100 nm (meaning, on average, each “shot” deposits 0.0025 nm,
or 0.025 Å).

After the room-temperature deposition is completed, the sample is removed
from the growth chamber of the PLD and moved into the vacuum furnace, which
has been preheated to a temperature of 450 ◦C. The tube of the vacuum furnace
is sealed and pumped down to a pressure of less than 5 mTorr before 250 mTorr
of O2 is introduced. This temperature and pressure combination is maintained for
30 minutes, after which the gas is turned off, the vacuum is broken, and the sam-
ple is removed to cool in air. Once it is room temperature, the sample is ready for
characterization.

A second set of growth protocols was used in which deposition takes place at a
substrate temperature of 450 ◦C (which will be referred to as the high-temperature
deposition, or HT-VO2). Oxygen is introduced and a partial pressure of 15 mTorr is
maintained. The position of the substrate and all of the laser settings are otherwise
identical to the room-temperature deposition protocols. After the deposition is
complete, the sample is left at temperature in 15 mTorr of oxygen for an additional
30 minutes to anneal, after which the sample is cooled at 10 ◦C/minute in the same
pressure. Once the sample has cooled, it is removed from the growth chamber and
is ready for characterization.

The advantage of having two sets of protocols has been seen when attempting
to grow VO2 on a variety of different substrates. The performance of both sets
protocols will be compared in Section 4.1, but it should be noted here that, while
RT-VO2 is generally considered “better” in terms of the sharpness and contrast
across the MIT, there are some substrates on which VO2 is not easily grown. For
example, RT-VO2 is not easily grown on borosilicate glass, but HT-VO2 grows with
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no issue1. For these situations, the RT-VO2 procedures may not work, but VO2

growth can still be accomplished using the high-temperature growth procedures.

3.1.2 Film Growth by Electron-beam Deposition

Figure 3.4. A simplified illustration of a electron-beam deposition system.

Electron-beam deposition is another physical vapor deposition technique. Dur-
ing E-beam deposition, in a similar fashion to PLD, a substrate or sample is placed
above a target material. An electron beam is then focused onto the target mate-
rial, heating it up. Depending on the target material as well as the form of this
material (e.g., pellets, pieces, powder, etc.), the entire target may melt, or possibly
only layer near the surface. As mentioned in Section 3.1.1, the vapor pressure of
the target is higher than the surrounding vacuum, and so it evaporates. This va-
por travels to sample surface above the target and adheres to the substrate. The
rate of this deposition is tracked by a deposition monitor, usually quartz crystal
microbalance (QCM). In a QCM, a quartz crystal is driven to oscillate by a specific
driving frequency. As material is deposited on the quartz, the resonance profile

1This does not seem to hold for all glass. The room-temperature procedures work well on Alka-
line earth boro-aluminosilicate glasses, such as Corning R©EAGLE XG R©Glass.

28



Texas Tech University, Keller Andrews, August 2019

changes in a predictable way, if the acoustic impedance of the material being de-
posited is known. The change in phase and amplitude of this resonance can be
used to calculate the thickness of material deposited on the surface of the QCM. In
most deposition systems, this is automatically calculated in the QCM hardware.

Two electron beam systems were used for the deposition of films studied in this
dissertation. However, primary system that was used resides in the same lab space
as the pulsed laser deposition system described in Section 3.1.1. The main portion
of the system consists of an MDC “Mighty Source” which holds four target cru-
cibles as well as the electron beam emission system. This beam emission system
consists of an emission coil which expels electrons (in all directions), which are the
accelerated in a single direction through an anode and into a magnetic field which
directs the now formed electron beam in semi-circular path to the target crucible.
This source is centered in the five-way cross that forms the base of the system. The
stock source was modified to accept a new, custom-built, water-cooled, 304 stain-
less steel roof that covers top of the source but that has a single chamfered hole
large enough to give a solid angle that includes sample holder above as well as
the deposition monitor (Sigma Instruments SQC-300), both a distance of 0.430 m
above the source.

For depositions in this dissertation, gold shot and Cr powder were used, but
system has also been used to deposit silver and copper (with work published [71,
72]), as well as vanadium. A secondary e-beam system was used for the deposition
of nickel films, and a thermal evaporation system was used for the deposition of
aluminum films. Both of these systems reside in the Texas Tech Nano Tech center.

3.2 Characterization Techniques

The main interest in vanadium dioxide films for this dissertation was their elec-
trical and optical performance across the metal-insulator transition. Many of the
characterization methods used measure optical properties or electrical properties,
though there are some methods that deal with the more structural details of the
samples.
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Figure 3.5. Copper sample holders used for variable-temperature characterization
methods. Copper rendered as partially transparent so channels for heaters and
fluid flow are visible.

3.2.1 Thermal control of samples during characterization

Since the MIT in VO2 is generally triggered by an change in temperature across
TMIT, many characterization techniques require some correlation of a measurement
with the temperature of the sample when the measurement was taken. To this end,
two multi-purpose sample holders were built. Models of these can bee seen in Fig-
ure 3.5, as well as represented in Figures 3.6 and 3.8. Additionally, Figure 3.10b
is an image of the sample holder in use. The sample holders were machined from
copper, which has a high thermal conductivity and helps ensure a uniform temper-
ature across the sample. One sample holder was constructed to be used for exper-
iments taking place below room temperature. Into this sample holder, channels
were machined to allow cooled fluid to be passed through the holder. A heated
sample holder to be used for experiments taking place above room temperature
had two holes drilled into it for cartridge heaters. These heaters were regulated
by an Omega CN7800 temperature controller with feedback from a thermocouple
in contact with the sample being measured. This controller is capable of commu-
nicating through an RS485 serial connection, for which there are many available
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resources, both open source (e.g., python or PuTTY) or proprietary (e.g., Matlab
or LabVIEW). Omega also provides software for simple management of the con-
troller.

3.2.2 General Spectroscopy

The transmission and reflection of the various fabricated samples are often im-
portant aspects to measure. For these spectroscopic studies, a Tungsten-Halogen
lamp was used as a white-light source, and a pair of spectrometers served to
measure the optical response of the film-of-interest. A fiber-fed Ocean Optics
HR4000CG-UV-NIR, sensitive to wavelengths between 200 nm and 1100 nm, cap-
tured the visible and near-infrared portions of the spectrum while a fiber-fed AR-
Coptix FT-NIR Rocket, sensitive to wavelengths between 900 nm and 2600 nm,
captured the near infrared and infrared portion of the spectrum. A version of this
setup for transmission measurements is illustrated in Figure 3.6. However, a vari-
ation of this setup is used for reflectivity measurements, in which the sample is
placed on a rotation stage and the fiber from the white-light source is mounted on
a rotatable arm to change the angle of incidence.

Figure 3.6. A simplified illustration of a beam path for thin film spectroscopy using
a bifurcated fiber system.

To automate the process for taking UV-Vis spectra and NIR spectra for many
different temperatures while heating a sample and then cooling a sample, the
spectrometers had to be integrated with each other as well as integrated with
the CN7800 temperature controller mentioned above. The manufacturers for the
two spectrometers shipped LabVIEW resources for control of their spectrome-
ters alongside their own software, and the temperature controller communicates
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through an RS485 connection, so it was decided to use LabVIEW to integrate auto-
matic control of the three and manage the data acquisition. In general, LabVIEW
manages serial connections through a serial Virtual Instrument Software Architec-
ture (generally called a VISA)[73], so this Serial VISA was used for managing the
temperature controller.

The nature of LabVIEW’s graphical programming paradigm makes inclusion of
a set of code into a dissertation all but impossible. Instead, it is described here in
enough detail that someone with enough LabVIEW experience might be able to
recreate it on their own.

Figure 3.7. A flowchart following the overall logic of the LabVIEW state machine
used in the collection of UV-Vis and NIR spectra over a range of temperatures.

Initially, the program takes two important spectra before a sample is put into
place. Since the all spectra taken of the sample will need to be corrected for the
various transmission efficiencies of fibers and optical elements as well as the re-
sponse of the spectrometers and the output of the white-light source, a reading is
taken with everything in place apart from the sample. This so-called white-light
spectrum accounts for optical response of the entire system apart from the sample.
This representative spectrum can be used to find the percent reflectivity or percent
transmission of the film. However, the second initial spectrum plays an important
role as well. As the spectrometers have some intrinsic noise, a spectrum of that
noise, generally called a dark spectrum, is obtained for use in correcting the spec-
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tra later. After these two spectra are taken, the program moves into the main phase
of its operation.

The overarching control system for temperature-dependant acquisition of spec-
tra is achieved through the same state machine design architecture briefly dis-
cussed earlier During this portion of the program, it continuously loops, but based
on external information, the state machine will shift between the series of ”states”
of operation during each iteration of the loop. In the case of this program, the de-
fault control state could best be described as “waiting for a temperature setpoint.”
Inside this state, an assessment is made to see if a temperature has been reached
at which a set of spectra is desired. If not, the next iteration will also execute this
“waiting” state. However, if the target temperature has been reached, the “wait-
ing” state triggers the next loop iteration to operate a state that activates and reads
from the spectrometers (that we will call “reading”). This read state takes an initial
input from the user to determine integration time and number of readings to aver-
age for each spectrometer. After the “reading” state is finished, the “saving” state
is triggered, combining the data from both spectrometers into a single file, labeled
with the temperature at which the spectrum was taken as well as if this was taken
while heating up or cooling down to help account for any hysteresis-based effects.
Finally, the “updating” state is triggered, where the target temperature is updated,
and unless the final temperature has been reached, the program moves back into
the “waiting” state.

No processing of data is done in LabVIEW, only collection of data. All of the
spectra taken during each run are processed later in Matlab R©. One Matlab script
combines all of the separate data files with spectra into a single processable file
(see Section A.1 for the actual code used). A second script (see Section A.2 for the
actual code used) takes the single file and applies several corrections (discussed in
the next paragraph) to the spectra.

In an ideal system, the correct value of some optical response of a sample at
should be calculable. Take the given spectrum of the sample and divide it by the
white-light spectrum (that is, for a given wavelength, divide the value recorded for
the sample spectrum divided by the value recorded for the white-light spectrum,
and do this for every wavelength). However, as there is some noise in the system,
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the dark spectrum must be subtracted off of each spectrum before that. Since noise
is generally random, the signal can be artificially smoothed by taking an average
around the wavelength of interest. This does make the assumption that two pixels
adjacent to each other should be receiving relatively similar levels of light and
responding in a relatively similar manner. This does cause some broadening of any
sharp features which may be present. However, if the number of pixels averaged
(and the wavelength range that number of pixels corresponds to) is smaller than
any features of interest, this broadening will have minimal impact. For many of
the spectra taken for this dissertation, the window used was 20 pixel wide for the
visible spectrometer and 10 pixels wide for the near-infrared spectrometer. This
corresponds to roughly 5 nm broadening of features for the visible spectrometer
and 8 nm broadening of features for the NIR spectrometer.

3.2.3 Pump-Probe Technique

Figure 3.8. Illustration of possible configuration of pump/probe setup

The idea behind the pump-probe technique is similar to that used by Roach[9] to
create a holographic grating on a VO2 film. The metal-insulator transition in VO2

can be induced by absorption of some incident light, and the transition can also

34



Texas Tech University, Keller Andrews, August 2019

be monitored by transmission2 of incident light. In this case, a fully optical system
can be used to characterize the MIT in VO2.

In a general pump-probe configuration, a focused laser is passed through the
sample and its intensity after interacting with the sample is recorded. This is called
the probe beam, and it is ideally of a wavelength that has a large contrast in its op-
tical response across the MIT for the material of interest. This probe may be con-
tinuous, or as is the case for the ultrafast studies of the switching time in VO2, the
probe laser may be pulsed and possibly delayed by an adjustable amount (relative
to the pump laser, to be discussed shortly). In configurations like this, the delay
allows for measurement of the temporal response of the sample.

Intermittently, another laser is introduced to the sample. The purpose of this
laser it to excite a transition in the sample, and so this laser is generally referred
to as a pump laser. It is generally (but not always) higher power than the probe
laser, to make it easier to excite the transition, and it ideally will have a wave-
length where the sample has a large absorption, so the power transfer is more
efficient than it might be otherwise. If the absorbed power is high enough to excite
a transition, the transition takes place, and the intensity of the probe beam that is
transmitted changes. The magnitude of this change in intensity is an indication
of the change in transmission of the sample. If the pump beam is blocked and
unblocked at regular intervals (for example if an optical chopper is rotating in the
path of the pump at a fixed frequency), something like a square wave should be
seen in the transmitted beam, though it may not be perfectly square, as a circular
pump beam will no partially obscured or partially transmitted before it is filly ob-
scured or fully transmitted. An example of this for a standard RT-VO2 grown on
c-cut sapphire can be seen in Figure 3.9. In general, with a continuous probe beam,
it is useful to have the transmitted intensity monitored by an appropriate detector
attached to an oscilloscope, so any repeated waveforms can be captured.

For the setup used to verify of switching of films used in this dissertation, a
5 mW probe laser with a wavelength of λ = 1550 nm was used, and the ampli-
tude of the transmitted beam was read by an InGaAs photodetector. This wave-
length shows good contrast in VO2 thin films for a large range of thicknesses of the

2The same ideas stated here can be implemented for a reflected probe, but transmission will be
assumed for this discussion.
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Figure 3.9. Pump/probe waveform of optimized VO2 growth procedures. The
horizontal divisions are steps of 5 ms, and the period of oscillation is 75 Hz, as
driven by the optical chopper.

vanadium dioxide. For the pump-laser, the beamline was fairly reconfigurable.
Generally a 100 mW, λ = 780 nm laser was used as the pump, but a laser diode
mount was also configured to act as the pump and was sometimes used with laser
diodes with wavelengths of λ = 532 nm or 980 nm, both with maximum powers
of 200 mW. Both the probe and pump beams were focused down to much smaller
beam diameters than originated from the laser, and a long-wave pass filter in front
of the photodetector blocked any light from the pump laser from being read by the
detector.

3.2.4 Four-point Probe Technique

The conductivity of a material is one of its intrinsic properties, but for thin films,
conditions become more complex and they no longer behave like bulk materials
according to the classical Drude (see, e.g., [74, 75]) and Fuchs models [76]. Instead,
for thin films, we observe a decreased conductivity due to the increased scattering
of conduction electrons off of film surfaces (including grain boundaries; see [77]
and references therein).

In order to measure the resistivity of select films, we used custom-built four-
point probe with a Keithley model 2401 current source and a Keithley model 2000

36



Texas Tech University, Keller Andrews, August 2019

multimeter. Our resistivity probe in particular was designed to tolerate large vari-
ations in temperature and can be seen, as a model in Figure 3.10a, and in reality
in Figure 3.10b. The body is primarily MACOR R©machinable ceramic, and the po-
sitioning system is held away from the thermally controlled sample holder. Probe
placement on each sample was selected by maximizing the distance to the near-
est sample edge (to minimize any possible edge effects). All temperature changes
made in the sample holder were done slowly, to ensure the sample and sample
holder were approximately in thermal equilibrium, and to ensure that tempera-
ture across the sample was uniform. Individual resistivity measurements were
calculated using the following relation:

ρeff =
π

ln 2

zV

I
f, (3.1)

in which:

• ρeff is the effective resistivity taken at room temperature;

• z is the measured film thickness;

• I is the current applied to the film;

• V is the measured voltage drop across the inner points of the probe; and

• f is a combination of the correction factors given in [78] computed for our
apparatus, but result in a factor that is very close to unity.

3.2.5 X-Ray Diffraction

X-ray diffraction (XRD) is a standard, non-destructive method for analyzing
crystal structure. In XRD, a collimated, monochromatic beam of X-rays is inci-
dent on a sample stage and reflected X-rays are measured by a detector. X-rays
are reflected from the crystal, most strongly from parallel planes of atoms in the
crystalline lattice at particular angles due to constrictive interference. The angles
of these reflections are calculated from Braggs law:

nλ = 2d sin θ (3.2)
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(a) (b)

Figure 3.10. (a) Model and (b) image of a four-point probe apparatus for use over
a wide range of temperatures.

in which n is the order of the reflection, λ is the X-ray wavelength, d is the distance
between parallel planes, and θ is the angle of reflection. A sample is generally
rotated through θ, and the reflections from the sample recorded. The magnitude
of all reflections are not the same however. Instead, the intensity of each reflection
is based on the X-ray form factor of each atom in the lattice (different for each
element and generally larger for heavier elements), and position of each atom in
the lattice. As such, the magnitude and angle of reflection for the peaks in an
XRD pattern is a good material identifier, and is used to determine the degree of
crystallinity, the orientation of the crystalline phase(s) of the sample, and the strain
present in the sample. As such, XRD is quite possibly the standard crystalline
material identification technique.

X-ray diffraction was heavily used early on in the refinement of growth proce-
dures for vanadium dioxide. Diffraction patterns from thin films grown using the
finalized procedures are shown in Figure 4.3. Once the growth procedures were
finalized, however, XRD was used only periodically (and generally as a “sanity
check” when something was not working as expected).
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3.2.6 Atomic Force Microscopy

Atomic force microscopy (AFM), is a high-resolution scanning technique for
measuring the surface morphology of a sample. AFM is one of only a few meth-
ods to give detailed height information and produces a three-dimensional image
of the surface. This can be very useful, as surface morphology can give useful
information. The average grain size of a crystalline material can be determined
from a high-quality AFM scan, and AFM is commonly used to measure the sur-
face roughness of a sample.

There are several modes of operation for AFM, but the most common is called
tapping mode. In tapping mode, a sharp cantilever is made to oscillate at a fre-
quency close to its resonance peak. Then the cantilever is brought close to the sur-
face that it to be characterized. When the cantilever comes near the surface, Van
der Waals forces from the surface cause a change in resonance (not too dissimilar to
those seen by a QCM during ebeam deposition). These changes in resonance can
be used to extract information about the surface directly beneath the cantilever. As
the cantilever is scanned across a region of the surface, this information is extracted
and used to build a heightmap of the surface.

For the measurements performed on samples in this dissertation, an Asylum
Research MFP-3D-BIO atomic force microscope (AFM) was used in tapping mode
with a Tap300Al-G probe (nominal tip radii of 10 nm) to characterize the surface
morphology of each sample. A series of general scan windows with a sizes of
20 × 20 µm were taken near the center of each sample to gain a clearer picture of
the sample morphology.
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CHAPTER 4
PROPOSED NEW APPLICATIONS FOR VANADIUM DIOXIDE-BASED

SYSTEMS

While the metal-insulator transition in vanadium dioxide is interesting from a
theoretical standpoint, and the characterization methods contain some very useful
instrumentation work, this dissertation focuses on how VO2 films may be made
use of. This chapter focuses on optimization of the room-temperature growth pro-
cedure for vanadium dioxide as well as the properties of the VO2 fabricated by this
method on several substrates. In addition, the extension of the pulsed-laser depo-
sition system and the increased control and flexibility it lends to the fabrication of
more complex samples is discussed, as is the modification of existing materials by
using a vanadium dioxide coating.

4.1 Performance of Vanadium dioxide

Optimization of the growth procedures given in Section 3.1.1 began on (0001)
c-plane Al2O3 substrates (also called c-cut sapphire). C-plane sapphire was cho-
sen since it is optically transparent over a very large wavelength range, and it has
a very low crystalline mismatch with vanadium dioxide[79]. Two initial growth
procedures were found in literature, a high-temperature set of protocols[80] and a
room-temperature set of protocols[25], as discussed. Neither procedure, when fol-
lowed as published produced VO2 thin films with a measureable metal-insulator
transition in the PLD system described here, but were quickly adapted using feed-
back from x-ray diffraction. Of the two protocols, optimization began with the
room-temperature deposition procedures, as the films produced through even the
un-optimized protocols seemed to be more crystalline, and sources indicated that
the transition for films produced using room-temperature protocols was sharper,
and the differences in the insulating and metallic state on either side of the transi-
tion were greater.

As discussed in Section 3.1.1, the pressure of the background gas during deposi-
tion affects the composition of the growing film. Many films were grown at various
pressures and characterized. It was found that a background pressure of 5 mTorr
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Figure 4.1. The hysteresis loops for several thin films of vanadium dioxide fabri-
cated with various pressures during PLD growth.

of oxygen resulted in a sharper transition occurring at the accepted MIT transition
temperature for VO2, while pressures on wither side of this resulted in less opti-
mal transition properties, as can be partially seen in Figure 4.1. The film grown at a
lower pressure of 4 mTorr, shown in blue, does not smoothly transition back from
the metallic state to the insulating state. Instead, the transmission reaches an inter-
mediate state that slowly transitions back to insulating VO2 at lower temperature.
The film grown at a higher pressure transitions at a higher temperature than nor-
mal, possibly indicating a non-stoichiometric balance of oxygen (i.e., VO2+δ, rather
than VO2), though this was not investigated as the film grown at 5 mTorr transi-
tions smoothly from insulating to metallic state and back again with a hysteresis
width of ∼3 ◦C.

Next, the growth procedures were optimized for the best value for the separa-
tion between the target and the substrate. A selection of the results can be seen in
Figure 4.2, but near the separation distance chosen for the finalized growth pro-
cedures, not much variation is present. A distance of 8 cm was chosen because
the height that places the sample at that separation is close to the height at which
substrates are loaded into the growth chamber. There may be some small mor-
phological advantage to have a larger separation distance (such as, a potentially
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Figure 4.2. The change in transmission for several thin films of vanadium dioxide
fabricated with various values for the separation between the vanadium target and
the substrate

smoother film before annealing), but all other things being equal, ease of growth
was chosen in this case.

Once the growth protocols were deemed to be suitably optimized, XRD was
performed on some of the films to ensure the crystallinity of all VO2 films produced
using the finalized protocols. One such diffraction pattern can be seen in Figure 4.3,
and is the scan of a 200 nm thick VO2 film. The visible peaks show that this film is
almost of a single orientation. The main visible peak is a reflection from the [020]
plane of the monoclinic unit cell of the insulating phase, found by simulating all
possible reflections using the structure data published by Rakotoniaina et al.[19]
and Wu et al. [3] with Mercury (software for crystal structure visualisation and
calculation). In addition, a reflection from the [040] plane is present, consistent
with the same orientation. However, the film is not purely single orientation, as the
[200] peak visible on the diffraction pattern is not consistent with the orientation
of the other two.

Some of the same optimization was done for the high-temperature growth pro-
tocols, but to a lesser extent. It is useful to compare films grown using the two
methods under much the same conditions, apart from the specifics called for by
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Figure 4.3. The diffraction pattern showing a high degree of orientation for a
vanadium dioxide thin film with a thickness of 200 nm grown using the standard
growth procedures as given in Section 3.1.1

the growth procedures. Therefore, a film was grown using each set of protocols
to be analyzed for their optical performance. The transmission at a wavelength of
λ=1550 nm was monitored as each film was heated from room temperature, past its
transition temperature to∼90 ◦C, and then cooled to room temperature again. This
data is shown in Figure 4.4. Both films smoothly transition from the insulating to
the metallic state and back again, but the HT-VO2 film does so over a much larger
temperature range than the RT-VO2. The film grown using the high-temperature
growth also exhibits a larger hysteresis than the room-temperature grown film, as
well as a exhibiting a smaller change in transmission when heated.

The transmission of a standard VO2 film above and below TMIT grown using
the optimized room-temperature growth protocols is shown for reference in Fig-
ure 4.5. The change in transmission (given by the golden curve below the x-axis) is
minimal in the visible portions of the spectrum, as is standard for vanadium diox-
ide. However, the change in transition becomes larger as the wavelength becomes
longer, as the metallic phase of vanadium dioxide is less transmissive to mid-range
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Figure 4.4. The hysteresis loops for thin films of vanadium dioxide grown using the
optimized room-temperature growth procedures (blue) and the high-temperature
growth procedures (red) as given in Section3.1.1.

Figure 4.5. Transmission spectra for vanadium dioxide grown on c-cut sapphire in
the col (insulating) state and the hot (metallic) state.
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infrared light. The response of this film to optical excitation of the MIT can also be
seen by pump-probe, and this is the data plotted in Figure 3.9.

Once the growth parameters were optimized for c-cut sapphire substrates the
same procedures were used to grow vanadium dioxide on other substrates. A
selection of the transmission at a wavelength of 1550 nm of VO2 films grown on the
optimized c-cut sapphire, Alkaline earth boro-aluminosilicate glass, x-cut quartz,
and Indium/Tin oxide films (ITO) on glass are shown in Figure 4.6. This growth
procedure works very well on all of these substrates, though the characteristics of
the transition are not identical on all substrates.

Figure 4.6. The change in transmission at λ=1550 nm for several thin films of vana-
dium dioxide fabricated on various substrates using the same growth procedures.

4.2 Tungsten-Doping of Vanadium Dioxide

To explore the use of VO2 as a temperature-sensitive device, much interest has
been focused on adjusting this metal-insulator transition temperature, largely by
substitutionally doping VO2 with other elements such as tungsten[81, 82, 83, 84],
fluorine[82, 85], titanium[29, 30], or chromium[28]. While each dopant has differ-
ent effects on the MIT based on the valence[86] or size[27] of the dopant, some are
more studied than others. Tungsten is one of the more widely studied dopants,
and doping with tungsten lowers the transition temperature by approximately
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20 ◦C per atomic percent, though the measured value seems to be influenced by
the fabrication process.

Although tungsten-doped vanadium dioxide has been fabricated by sputtering
[81, 82], the sol-gel method[83], and solid-state reaction[84], publications describ-
ing the growth of doped VO2 by pulsed-laser deposition (PLD) are rare. Although
PLD is a widely-used technique for growing high-quality thin films[25, 87, 70, 30],
most compare undoped vanadium dioxide to a single tungsten-dopant fraction
(see, e.g., [34, 88, 80]). There are few studies which grow V1−xWxO2 with more
than a single dopant fraction[89, 90], and those studies which do grow at more
than one value of x acheive this by fabricating a target for each desired dopant
level. Thus, it is difficult, time-consuming, and potentially costly to vary the tung-
sten fraction using “standard” PLD, since only a single target is used at a time.
However, alternating-target PLD can make fabrication of thin films with a con-
trolled tungsten fraction (i.e. x in V1−xWxO2) much more accessible.

It is useful to compare the change in TMIT across the various growth methods
used to create V1−xWxO2 is some form. Specifically, comparing the slope of the
line formed when plotting dopant fraction x vs. transition temperature, TMIT. The
measurements collected from the referenced sources (those plotted in Figure 4.7 as
well as those dealing with PLD-grown films) are presented in Table 4.1 and plotted
in Figure 4.7.

Using a pure vanadium target as well as a 2.5 at.% W-doped target, alternating-
target PLD can be used to grow a range of V1−xWxO2 films with values of x any-
where between 0 and 0.025. Nine films were made along this range, resulting in
films with tungsten fraction, x ∈ {0, 0.0032, 0.0063, 0.0095, 0.0126, 0.0155, 0.0187,
0.0218, 0.0250}. These films were grown on c-cut sapphire using the optimized
room-temperature growth procedures for vanadium dioxide growth adapted for
ATPLD. A film was also grown from each individual target using standard PLD
and the same growth procedure, but without the starting and stopping of the laser
which is inherent to alternating target PLD. These two standard films were used to
attempt to identify any unintended effects of alternating-target PLD.

Once grown and annealed, TMIT was found through several different methods.
For all films, TMIT was measured by monitoring the change in transmission versus
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Table 4.1. Change in TMIT of V1−xWxO2 as x changes, grouped by growth method.
The data from each study, with the exception of the PLD studies) is plotted in
Figure 4.7 with the corresponding marker given here.

Reference
Slope Pure VO2

Marker
[◦C/at%] TMIT[◦C]

Sputtering

Burkhardt et al. [82] −20.9 62.0 •

Jin and Tanemura [91] −23.2 66.6 �

Romanyuk et al. [92] −22.1 73.1 �

Sol-gel method

Takahashi et al. [83] −20.3 66.4 •

Chae and Kim[93] −13.8 62.8 �

Solid-state reaction

Nygren and Israelsson [32] −26.6 68.5 •

Kim et al. [84] −28.6 68.1 �

Pulsed-laser deposition

Hur et al. [88] −33.8 70.3 -

Nag [80] −31.7 67.0 -

temperature at a wavelength of 1550 nm, where the contrast between the transmis-
sion of the insulating and metallic states of VO2 is particularly high[94]. A 5 mW,
1550 nm laser passed through a beam-splitter, where a portion of the signal was
used as a reference while the more powerful beam passed through a mechanical
shutter and the sample to be measured into an IR photodiode read by a Keithly
2000 precision multimeter. The sample was mounted in the heated copper sample
holder, and the temperature was controlled in order to measure the transmission
at λ = 1550 nm versus temperature for each film, an example of which is shown in
Figure 4.4. The same sample holder was used as a base for a four-point probe to
measure the temperature dependence of the resistivity of the film.
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Figure 4.7. Percentage tungsten doping vs. insulator-metal transition temperature.
The colored symbols correspond to the referenced studies in Table 4.1.

To compare sample fabricated through alternating-target PLD to other reported
samples, for each transmission vs. temperature curve obtained, a sigmoid fit was
applied to each transmission curve for each sample to obtain the metal-insulator
transition temperature at that dopant level. The transition temperatures are plot-
ted as black points with error bars along with measurements made on films made
using other growth techniques in Figure 4.7. All of the studies previously cited that
used PLD to grow tungsten-doped vanadium dioxide only include undoped-VO2

and a single tungsten-dopant fraction. As such, it was not useful to plot them in
Figure 4.7, but their data are included in Table 4.1.

Looking at the findings of each study, none are in perfect agreement as to the
exact magnitude of the effect of tungsten doping. However, most studies find a
value for the change in TMIT based on the dopant fraction x (which is the slope
of the x vs. TMIT line) to be close to other papers which fabricated V1−xWxO2 in
the same manner. The values coming from the individual studies can be found in
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Table 4.1. We can use these results to compare our slope and intercept found for
V1−xWxO2 films made using alternating-target PLD.

The individual data points for transition temperature at different dopant levels
can be seen in Figure 4.7, with the fit for the alternating-target films as a solid
black line and an line connecting the two films made using standard PLD with
the two endpoint targets being a dotted black line. Both lines have slopes within
1σ of the other, with the alternating-target films forming a line with a slope of
−18.9±0.6◦C/at% W, and the single target line with a slope of−18.7±0.4◦C/at% W.
However, the two undoped VO2 films do have different transition temperatures
depending on the method. The film grown using standard PLD agrees well with
the known transition temperature of pure VO2, and has TMIT = 65.7◦C. However,
the transition temperatures of the films made using alternating-target PLD all seem
to have lower transition temperatures than would be expected, with the undoped
film having a transition temperature TMIT = 59.2◦C. These temperatures are in
agreement with the resistivity measurements taken of x = [0, 0.0126, 0.025], shown
in Figure 4.8. As the tungsten fraction increases, the change in resistivity becomes
more gradual and less substantial, which is in agreement with other studies[84, 90,
33].

Figure 4.8. Change in resistivity with respect to temperature of V1−xWxO2 films
with three representative values of x.
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Figure 4.9. Change in transmission of 1550 nm light vs. temperature of V1−xWxO2

films with five representative values of x.

Furthermore, the sharpness of the optical transition decreases with increasing
tungsten content, as can be seen in the transmission at 1550 nm, shown in Fig-
ure 4.9, in the same was as the resistivity measurements, and is in agreement with
what has been measured and previously reported upon[81, 30, 87].

Figure 4.10. X-ray diffraction patterns from Cu K-α radiation, scanning by θ-2θ
showing the comparison of standard and alternating-target PLD-grown VO2 films.

This suppression of the transition temperature for films is not completely sur-
prising. In standard PLD, the plasma plume that is formed by the ablated mate-
rial interacting with the background, reaches a steady-state condition very quickly
where each shot is under the same circumstances; the situation remains this way
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Figure 4.11. X-ray diffraction patterns from Cu K-α radiation, scanning by θ-2θ
comparing differences as a result of dopant levels in alternating-target PLD grown
films.

throughout the deposition. However, in alternating-target PLD, the deposition is
stopped momentarily when switching targets, interrupting the plasma plume.

To assess any differences cause by the two methods, the two films grown using
standard and alternating-target PLD from the pure vanadium target (i.e., the two
undoped VO2 films) were analyzed using X-ray diffraction to see if any differences
in crystal structure of the two films was present. Scans made by a Rigaku Ultima III
diffractometer on these two films are shown in Figure 4.10 with labeled peaks
(based on a standard VO2 crystal structure[19]). The peaks marked with stars are
either from the c-plane sapphire substrate or from the sample holder used in the
instrument. While most of the peaks are present in both films, the most notable dif-
ference is the reflection from the (020) plane at a diffraction angle of 2θ = 39.88◦C.
In highly-oriented, epitaxial films, this is the only reflection present[23, 80]. The
presence of this reflection peak in the standard PLD-grown film, but not in the
alternating-target PLD-grown film indicates that this interruption of the plasma
plume introduces a fault or dislocation in the film not present when grown using
standard PLD. This fault is likely a source of strain, which has been shown to re-
duce TMIT to room temperature and below, even in undoped VO2[7]. In addition,
three alternating-target PLD-grown films grown with x = [0, 0.0126, 0.025] were
analyzed by XRD in a different sample holder (and so more extraneous peaks are
present), and the results are shown in Figure 4.11. All three of these show similar
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peaks to each other. However, the reflection from the (020) plane is stronger in the
two doped samples than in the undoped sample.

To explore any surface morphological or structural differences due the chang-
ing tungsten doping levels, we imaged each sample using an Asylum Research
MFP-3D-BIO AFM. We measured the roughness of each film in three representa-
tive locations and observed a clear pattern: the roughness of the film increased by
a factor of 2 as the tungsten dopant fraction increased from 0 to 2.5 at.%. The un-
doped film had an rms roughness of 6.1 nm and had virtually no features. As the
atomic fraction of tungsten increased, we observed the appearance of large-scale
dendritic features, culminating in features spanning approximately 10 × 10µm in
the 2.5 at%-doped film (rms roughness of 12.2 nm). The large-scale features may
form during the annealing process, as this process was designed and optimized
for undoped VO2. In any case, we observed a feature that may be a nucleation site
from which the large-scale structure grew (bright white, near the apparent root
of the structure in the AFM images). Representative AFM images showing these
features are shown in Figure 4.12. Compare these with the

(a) (b) (c)

Figure 4.12. AFM images showing increasing structure sizes. The left, center, and
right images correspond to tungsten dopant levels of x = 0.0, 0.0125, and 0.025,
respectively. See text for details.

4.3 VO2 as a tunable absorber at targeted wavelengths

One potential drawback to many applications of vanadium dioxide as an optical
coating is its absorption. Due to its small band gap, the insulating state of VO2

has a higher absorption than many similarly structured materials, such as TiO2.
If the insulating state of the vanadium dioxide is meant to be some ”off” state
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that does not interfere with the optical application in question until some stimulus
is provided, the absorption of the vanadium dioxide may be undesirable, as it
will affect the intensity of whatever light passes through it. However, instead of
designing an optical component with the goal of utilizing the metallic state and
designing around the limitation of the insulating state, a VO2 coating could be
designed for use in the insulating state.

When looking at potential applications, more possible substrates are opaque to
wavelengths in the visible and near-infrared portions of the spectrum rather than
transparent. Thus it is useful to examine how VO2 can affect the reflectivity of
materials. In the case of metallic surfaces, where the reflectivity without a coat-
ing is generally high, a vanadium dioxide coating can cause a large change in the
intensity of light reflected from the surface in a controlable way.

On its own, vanadium dioxide displays very little change in reflectivity across
most of the visible and near-infrared portions of the spectrum, as can be seen in
Figure 4.13a, with some larger change appearing as the wavelength moves further
into the infrared. When accounting for the reflection and transmission for each
wavelength, the absorption at that wavelength can be calculated. When looking
at how the absorption changes, it is apparent that the change in transmission that
has been discussed is primarily a result of the absorption changing. For a VO2

film on a reflective surface, some incident light that is transmitted in the vanadium
dioxide will pass through the film twice, once after entering the film and once
after reflecting from the underlying reflective surface, effectively doubling the path
length of the light. In cases like this, the obvious first trial is to see how a coating of
vanadium dioxide would affect the reflectivity of a metal which is highly reflective
when uncoated.

If a good conductor (smooth enough to have a high reflectivity) were coated with
a vanadium dioxide film, at first glance, it would seem that some light would re-
flect off of the VO2 surface, while some travels through the film, being absorbed by
the VO2 along its path-length, reflecting off of the metal, a small amount of absorp-
tion happening at this interface, travelling through the VO2, being absorbed along
its path-length, before emerging from the film surface. The measured reluctance
would then be the sum of the light reflected from the VO2 surface and the light
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(a)

(b)

Figure 4.13. The reflection, transmission and absorption of a 100 nm thick film
of vanadium dioxide on glass, taken at a 20◦ angle of incidence as a function of
wavelength (a) and temperature (b). The sharp features present around λ=1000 nm
in (a) are an artifact from combining the spectra from a visible spectrometer and a
near-infrared spectrometer.
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(a) (b)

Figure 4.14. Two conceptualizations of reflections from a metallic surface as well
as its insulator coating. (a) The first assumes that the amplitude of of the insu-
lating surface reflection adds with the amplitude of the metal-surface reflection,
attenuated by absorption occurring in the insulator. (b) The second accounts for
the possible difference in phase of the two beams, allowing for constructive or de-
structive interference.

reflected from the metal surface, as is shown in Figure 4.14a. However, this does
not account for interference between the reflection from the surface of the VO2 and
the reflection from the surface of the metal. For a more complete discussion of this
effect, see Appendix B. For this discussion it is enough to say that a phase differ-
ence is induced by the difference in path length of the two beams as well as from
reflecting off of the underlying metal surface, resulting in maximum destructive
interference occurs for wavelengths for which λ ≈ 4 n z, where n is the index of
refraction of VO2 (or some insulating material in general) and z is the thickness of
the VO2 film.

This interference condition gives rise to an anti-reflective (and thus absorptive)
band centered on this wavelength. The exact magnitude of the reflection after this
interference depends on the difference in magnitude between the reflection from
the vanadium dioxide surface and the reflection from the metallic surface that has
propagated through the VO2 film. If the two magnitudes are similar, almost no
reflection will be present at that wavelength.
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The wavelength of minimal reflection is targetable during the growth process of
the thin film. Changing the thickness of the film directly controls the wavelength
with minimal reflection in the insulating state of vanadium dioxide.

All of this applies to more than just vanadium dioxide thin films. What is de-
scribed here is simply a special case of Fresnel reflections. These reflections occur
in any situation where parallel reflections are possible. Fresnel reflections and the
potential destructive interference are the basis behind many anti-reflective coat-
ings, where optically clear materials are coated with films of a specific thickness
to minimize reflection for a particular wavelength band. However, a particular
vanadium dioxide film is not limited to the band which was targeted during its
growth. Since the anti-reflective band depends on the index of refraction as well
as the thickness, as the index of refraction for the VO2 film changes across the
metal-insulator transition, the critical wavelength that met the above condition in
the insulating state will no longer encounter this large interference in the metallic
state.

All of this together means that vanadium dioxide as a coating for a reflective
metal allows for a targetable anti-reflective band during growth as well as the abil-
ity to tunably switch that band, effectively switching the reflectivity on or off for
the critical wavelength band when heating above TMIT or optically triggering the
MIT.

To characterize this effect, the following three metals were chosen to serve as
the metal under the vanadium dioxide: aluminum, nickel, and gold. Aluminum
was chosen as it is a highly reflective metal over a wide wavelength range and
is commonly used as a mirror surface. In addition, aluminum is often a struc-
tural component in many applications where weight is a concern, due to its high
strength-to-weight ratio. Nickel was chosen as it generally has good reflectivity
in the visible and infrared, but does absorb more incident light than many other
common metals and would be closer to a general case coating. Lastly, gold was
chosen as it is a reflectivity standard for the visible and infrared portions of the
spectrum. In addition, gold was useful in this study as a non-oxidizing metal,
since aluminum and nickel more readily form oxides that could add additional
optical complexity.
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Figure 4.15. The measured reflectivity of three metal films, at a 20◦ angle of inci-
dence.

Gold films were grown on glass substrates by electron-beam deposition in the
system described in Section 3.1.2. They were grown to a thickness of 100 nm, which
is thick enough to ensure more than 99% of incident light is either reflected or
absorbed, but not transmitted. Nickel was likewise grown by ebeam deposition
to thicknesses no less than 100 nm, although thickness of the metallic film was
found to have no effect as long as it was thick enough to ensure essentially zero
transmission. Lastly the aluminum films were deposited by thermal evaporation.
The maximum thickness these films could be grown was 45 nm, which was enough
to ensure minimal transmission for most wavelengths of light.

The reflectivity of all three materials was measured, and the data are plotted in
Figure 4.15. The angular dependence of the reflectivity of these films was investi-
gated from a minimum angle of incidence of 15◦ to a maximum angle of 70◦, but,
as the white light source used in the spectroscopic setup described in Section 3.2.2
is unpolarized, no significant change in reflectivity was observed.
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After growth of the metal films1, vanadium dioxide films were grown as a coat-
ing using the standard room-temperature growth protocols described and dis-
cussed in Section 4.1. The thermal dependence of the reflectivity for each film
combination was measured to characterize the anti-reflective band in the insulat-
ing state and observe its shift as the index of refraction changes for the metallic
state. The films were measured to be 125 nm thick with a roughness of 20 nm.
Using this thickness as well as published values for the index of refraction in VO2

fabricated by other research groups[12], the wavelength band should be centered
around λ ∼1400 nm. As expected, the insulating state exhibits a strong absence of
reflection near the calculated critical wavelength that then shifts to shorter wave-
lengths as the index of refraction falls in the metallic state. The reflectivity at an
incident angle of 45◦ for the insulating state and the metallic state can be seen for
aluminum, nickel, and gold in Figures 4.16a through 4.16c. In addition, the change
in reflectivity of each film (that is, the reflectivity in the hot state minus the reflec-
tivity in the cold state for each film) is shown in Figure 4.16d. It should be noted
that the location of this reflectivity minimum appears in a slightly different location
on each metal. This shift is likely caused by the additional phase shift that arises
when reflecting from a metal surface. In addition, shifts in the peak absorption
between films could be, in part caused by small differences in the refractive index
of the vanadium dioxide that arise from being grown on different metal substrates.

There are many possible applications for a coating which can change the reflec-
tive properties of a material in a manner that would make the material a near-
perfect absorber for light in a certain wavelength band. Such a coating may be a
useful coating in the thermal control of devices where that is sometimes difficult.
VO2 has already been proposed as a candidate for smart windows as a thermal
control method, but it could also be used as a thermally-switching coating for gen-
eral materials that are exposed to incident light.

For the primary thickness grown for this study, the main absorption is in the in-
frared, where thermal radiation is easily absorbed. If a device had an appropriately
thick VO2 coating, it would absorb thermal wavelengths in its insulating state, ei-
ther causing the device to warm up, or possibly saving on energy costs needed to

1It should be noted that, to minimize an growth of an oxide layer, the nickel and aluminum films
were kept under degassed isopropanol until the film was needed for the growth of VO2.
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(a) (b)

(c) (d)

Figure 4.16. Reflectivity for the insulating and metallic states of VO2 on various
metals

keep the device warm. However, once the temperature of the coating reached TMIT,
the reflectivity would increase in the infrared, absorbing far less thermal radiation,
allowing the device to cool itself more easily. As TMIT is adjustable by doping VO2,
the film composition can be adjusted to allow the VO2 coating to switch from ab-
sorbing to non-absorbing at some temperature in a very large range. One potential
complication to this may be that the absorbance band does not disappear, but in-
stead shifts to absorb shorter wavelengths. While this may limit its use to some
applications where there is less radiation at shorter, possibly visible wavelengths,
an anti-reflective coating of vanadium dioxide with a targetable, switchable ab-
sorption band could be useful for some thermal management applications.

Another possible application of a vanadium dioxide coating with a targetable,
switchable absorption band might be in the field of optical logic in an arrangement
similar to a pump-probe setup. In transmission, vanadium dioxide films can act as
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an (admittedly inefficient) XOR logic gate, and in reflection, they may act like an
AND gate.

In an XOR gate, where if one of two inputs is high, the output of the gate is high,
but if both are high or both are low, the output is low. Compare this to the optical
response of a thin film of vanadium dioxide. If the optical power incident on a VO2

film is high enough, the film switches and shows a decrease its transmission. If a
pair of laser were individually set with a power density slightly below this power
threshold, one laser would not trigger the film to transition and would be passed,
but two lasers would trigger a transition, blocking the transmission of both.

Now consider the optical response of a metal film with a VO2 coating set up in
a similar manner. For a single laser with a power density below the threshold to
cause a metal-insulator transition, the sample would act as a near-perfect absorber.
Only when enough power is incident on the film to cause a transition would the
”output” from the film be high. Compare this to an AND gate with two inputs. If
both are low, the output is low (as is the trivial case for a vanadium dioxide film). If
only one input to the AND gate is high, the output remains low, but if both inputs
are high, then the output from the gate is high.

Unfortunately, neither the mathematical XOR gate or the AND gate are function-
ally complete, meaning that these two VO2-based gates cannot be used to construct
all others as is true for for the NAND and NOR logic gates. In addition, the high
absorption in vanadium dioxide as it currently stands would make this an ineffi-
cient gate. In both the insulating and the metallic state the VO2 film would absorb
some of the incident laser power, but the possibility for such an application is there
if this absorption were reduced in VO2 or a material with a generally similar optical
response but lower absorption were used to this end.
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CHAPTER 5
THE PATH FORWARD FROM HERE

As stated in Section 1.2, the goal of this dissertation was to enable future re-
searchers to more easily understand, fabricate, and characterize vanadium dioxide
materials, specifically focusing on vanadium dioxide thin films. By reducing the
“barrier to entry” to VO2 growth, applications of this remarkable material are more
accessible.

The methods of thin film growth for vanadium dioxide and other useful mate-
rials were discussed, and an optimized growth procedure was given for thin films
of vanadium dioxide compatible with many substrates as well as a less optimized,
but still suitable growth procedure for those substrates for which the optimized
procedure is unsuitable. The pulsed-laser deposition system in which this set of
procedures was developed was well characterized so that the procedures given
will be repeatable in other well characterized PLD systems with a similar configu-
ration. Additionally, a standard set of characterization methods and their develop-
ment were discussed in Section 3.2 so that it is easier to compare the results of these
studies with similar studies conducted on different samples, grown in a different
manner.

One method was implemented for more easily extending the possible applica-
tion space of vanadium dioxide by enabling the precise modification of the dopant-
fraction for given film growths with a few keystrokes instead of a lengthy tar-
get preparation process. This makes many temperature-dependant applications of
vanadium dioxide much easier to explore.

In addition, a new use of vanadium dioxide was found. By using vanadium
dioxide as a coating over a reflective metal surface, an anti-reflective band is cre-
ated, the position of which can be chosen during thin-film growth, and which can
be shifted away from that wavelength region by inducing the metal-insulator tran-
sition.
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5.1 Potential Applications of Vanadium Dioxide Thin Films

The use of VO2 as a coating for metallic surfaces is very promising as it stands,
but it could be enhanced and the response more strongly engineered by incorporat-
ing nanostructures and transforming this into a versatile metamaterial. VO2-based
metamaterials have been shown to have tunable characteristics in reflection[95].
By tuning the resonance of these nanostructures as well as the response of the
VO2films, new absorption characteristics can be added to those already existing
absorption features, potentially broadening the use-case of this type of coating.

Related to this, VO2 may see some potential use in re-writable photo-induced
typography[96]. Similar to holographic storage proposed by Roach[9], images can
be introduced into the vanadium dioxide film by “writing” on the film using a
laser to photo-induce the MIT. The difference between the insulating and metal-
lic regions can be seen by the optical contrast of the two phases, especially in the
infrared. The feature size of these photo-induced regions are limited to the wave-
length of the pump laser used to write the features into place in very high quality
films, but there is generally some diffusion of energy into the VO2 surrounding the
irradiated area making the metallic area much larger.

On insulating materials, these metallic regions are slow to transition back to the
insulating state. In applications which require a high turnover or refresh rate, the
exposed areas must be allowed to cool more quickly. In this case, a vanadium
dioxide film deposited on a metal film can take advantage of the higher thermal
conductivity of the metal, allowing heat to dissipate more quickly and the film
to easily transition between the insulating and metallic phases and back again.
As discussed in the original paper by Roach[9], differences between metallic and
insulating phases can be used as a diffraction grating. Sen[96] proposed using a
circular Fresnel zone plate to focus longer-wavelength electromagnetic waves.

Additionally, VO2 may see some use as a modulator for plasmonic materials. As
the index of refraction changes across the metal-insulator transition, the propaga-
tion of surface plasmon polaritons (SPPs) is affected. This can change the angle at
which SPPs leak from an interface with vanadium dioxide. However, at the mo-
ment, the extinction coefficient for the wavelengths where these SPPs are easily
excited is too high. The vanadium dioxide is too lossy a material, and the SPPs
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are absorbed to quickly to be of use for any current applications, though this may
change as new ideas are developed.

(a) (b)

Figure 5.1. Illustrations of dielectrophoresis-based optoelectronic traps with se-
lectively active areas based on (a) a photoconductive layer of amorphous silicon
illuminated by a DMD microdisplay[97] and (b) a vanadium dioxide thin film ac-
tivated by inducing a metal-insulator transition via a focused laser.

Lastly, vanadium dioxide could be used as a component in an optical trap based
on an optoelectronic device that achieved large-scale manipulation of single cells
and dielectric microparticles[97], which the authors termed optoelectronic tweez-
ers (OET). As is partially illustrated in Figure5.1a (Figure 1 in the authors’ original
paper) two pieces of glass with an indium/tin oxide coating make up the top and
bottom of a fluid cell with a solution containing the cells or microparticles between
them. These two ITO surfaces are biased with an A.C. voltage. On the bottom
glass, a layer of amorphous silicon is deposited on top of the ITO, followed by a
protective nitride layer. Areas of the silicon layer can be illuminated from beneath
and become photoconductive, allowing a current and large electric field to pass
through the activated area. This non-uniform electric field can be used to trap par-
ticles via dielectrophoresis. As the frequency with which the A.C. field oscillates
can be used to affect only particles in a particular size range, the illumination can
move on the underside of the silicon and manipulate only particle of the selected
size.
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A similar principle could be applied to build a vanadium dioxide-based opto-
electronic tweezer setup. However, instead of relying on the photoconductive gain
from the silicon, selected regions of the vanadium dioxide film could be switched
from the metallic state into the conductive state, creating the non-uniform electric
field necessary for dielectrophoresis in that activated region. This has a distinct
advantage over the silicon-based OET in that VO2 is not opaque to visible wave-
lengths, allowing for optical access from both sides of the device. In addition, the
VO2 sample could be held at a slightly higher temperature or doped with tung-
sten to allow for the metal-insulator transition to occur at a smaller incident laser
power, allowing for the use of diffraction gratings or shaped sources, enabling the
manipulation of many particles at once.

5.2 Concluding Remarks

The goals of this dissertation have been partially completed, but research into
vanadium dioxide still has much left to offer and many holes left to fill in. One
thing that must come from future research is a more repeatable vanadium diox-
ide. Currently, vanadium dioxide fabrication and use is viewed almost as an art
that one must learn rather than a procedure that can be followed. For applications
of VO2 to become more widespread, Different material research groups at differ-
ent institutions must be able to fabricate vanadium dioxide materials in different
fashions and still be able to come to similar results. One prime example of this is
the variation of the effect of tungsten doping. As can bee seen in Figure 4.7 and
Table 4.1, some methods of fabrication agree on the effect, but between even those
chosen for comparison, the two extreme values vary by a factor of about 2.5. This is
not conducive to using this material for applications that require more predictabil-
ity.

In the early days of electronics manufacturing, the purity of the silicon semicon-
ductors was an issue until zone refining, developed in 1952[98] allowed for the
production of consistently high-purity semiconductors[99]. All that is needed for
vanadium dioxide is a similar breakthrough allowing for consistent and widespread
growth of an industrial-grade product.
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APPENDIX A
MATLAB R© SCRIPTS FOR THE PROCESSING OF SPECTRAL DATA

A.1 readin.m

%----------------------------------------------------------%
% This script compiles a series of spectra in the directory%
% in which it is placed into one file to be read by another%
% script. %
% %
% The format of the spectra files is expected to be tab- %
% separated values with no headers and the first column %
% being wavelength and the second being amplitude %
% %
% The output file from this script will be as follows: %
% First column: header of -1, followed by a column of %
% wavelengths %
% Second column: amplitude of white light spectrum with %
% header of -1 %
% Third column: amplitude of dark spectrum with a header %
% of -1 %
% Remaining columns: header indicating the temperature at %
% which the spectrum was taken followed by the spectrum %
% itself %
%----------------------------------------------------------%

% Give a range of temperatures to look for
% ranging from "first" to "last",
% stepping by "increment"
first = 10;
last = 200;
increment = 0.5;

% Read in the white-light spectrum
dat = dlmread(’white.tsv’);
% Save raw data (wavelength and amplitude) to cooling file
raws_c = [dat(:,1),dat(:,2)];
% Save raw data (wavelength and amplitude) to heating file
raws_h = [dat(:,1),dat(:,2)];
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% Read in the dark spectrum
% Concatenate dark amplitude to correct file data
dat = dlmread(’dark.tsv’);
raws_c = [raws_c,dat(:,2)];
raws_h = [raws_h,dat(:,2)];

% Build headers for heating and cooling files
header_c = [-1 -1 -1];
header_h = [-1 -1 -1];

% Step through range of temperatures to check for files at
% that temperature
for i=first:increment:last

file = sprintf(’%.3f_cooling.tsv’,i);
% If the file exists for cooling at that temperature,
% read the file and concatenate its amplitude to the
% cooling file
if(exist(file) > 0)

dat = dlmread(file);
raws_c = [raws_c,dat(:,2)];
header_c = [header_c i];

end
file = sprintf(’%.3f_heating.tsv’,i);
% If the file exists for cooling at that temperature,
% read the file and concatenate its amplitude to the
% heating file
if(exist(file) > 0)

dat = dlmread(file);
raws_h = [raws_h,dat(:,2)];
header_h = [header_h i];

end
end

% Get the current directory and assign that name to the
% heating and cooling files as they are saved
currentDirectory = pwd;
[˜, here, ˜] = fileparts(currentDirectory);

% Add "_cooling.txt" or "_heating.txt" to the end of the
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% correct filenames and save the data
dlmwrite([here ’_cooling.txt’],[header_c;raws_c],...

’delimiter’,’\t’);
dlmwrite([here ’_heating.txt’],[header_h;raws_h],...

’delimiter’,’\t’);

A.2 Spectra processing.m

%----------------------------------------------------------%
% This script takes a compiled file of spectra, smooths %
% the data, and finds the percent reflection (or %
% transmission) based on the dark and white-light spectra %
% %
% This script expects an input of the form given by the %
% output of the related script readin.m. Namely that the %
% form the first column being the wavelengths, the second %
% being the white-light spectrum, the third being the dark %
% spectrum, and the remaining being the spectra themselves,%
% with a row of headers indicating the temperature at which%
% each spectrum was taken %
%----------------------------------------------------------%

% Clear all past variables, close all windows and clear the
% command window of past commands
clear all;
close all;
clc;

% Some preliminary settings
pm = 20; %averaging window
t_cut=920; % What wavelength to switch spectrometers

% Input file
file = ’Al_heating.txt’;

% Wavelength range to display
spec_range = [500 2200];

% Wavelength to monitor its transition
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tlam = 1550;

% Read file and separate out header with temperatures
RAWS = dlmread(file,’\t’);
head = RAWS(1,4:end);
RAWS = RAWS(2:end,:);

% Number of spectra to process (incl. white and dark)
specs = size(RAWS,2) - 1;

% Separate off and trim wavelengths
lam = RAWS(:,1);
[˜, lmin] = min(abs(lam-spec_range(1)));
[˜, lmax] = min(abs(lam-spec_range(2)));
% Find where data switches from vis to IR spectrometer
[˜,idx_temp]=max(lam(1:end-1)-lam(2:end));
idx_temp
lam = lam(lmin:lmax);

avg = RAWS(:,2:specs+1);

% Smooth visible data and IR data separately
for i=1:specs

temp_vis = smooth(RAWS(1:idx_temp,i+1),pm);
temp_ir = smooth(RAWS(idx_temp+1:end,i+1),pm/2);
avg(:,i)=[temp_vis;temp_ir];

end
% Trim data to match wavelength range
avg = avg(lmin:lmax,:);

% Find where data switches from vis to IR spectrometer
% now that data has been trimmed
idx_temp=idx_temp-lmin+1;

% Find where in each spectrometer the wavelength
% to switch spectrometers is
[˜,idx_vis]=min(abs(lam(1:idx_temp)-t_cut));
[˜,idx_ir]=min(abs(lam(idx_temp+1:end)-t_cut));
idx_ir=idx_temp+idx_ir;
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% Trim the data between the switch-over
lam = [lam(1:idx_vis); lam(idx_ir:end)];
avg = [avg(1:idx_vis,:); avg(idx_ir:end,:)];

% Separate white-light and dark spectrum from data
white = avg(:,1);
dark = avg(:,2);

% Calculate their percent reflection (or transmission)
% For each spectrum
perc = avg(:,3:end);
for i=1:specs-2

perc(:,i) = 100*(perc(:,i)-dark)./(white-dark);
end

% Find the position of the wavelength to monitor
[˜, idx_tran] = min(abs(lam-tlam));

% Plot the percent %R vs temperature for that wavelength
perclam = perc(idx_tran,:);
figure(’Position’,[100,600,600,400])
plot(head,perclam,’+-’)
ylabel([’% Reflection at \lambda=’ num2str(tlam) ’ nm’])
xlabel(’Temperature [\circC]’)
savefig([’figs/’ file(1:end-4) ’_hyst.fig’])
saveas(gcf,[’figs/’ file(1:end-4) ’_hyst.png’])

% Plot percent reflection for the lowest and highest
% temperatures as well as the difference between the two
figure(’Position’,[100,100,800,600])
plot(lam,[perc(:,1),perc(:,end),perc(:,end)-perc(:,1)],...

’.-’,spec_range,[0 0],’k’)
xlim(spec_range); % only show the wavelengths of interest
ylim([-50 100])
xlabel(’Wavelength (nm)’);
ylabel(’\Delta %Reflection’);

% Pick the temperatures from the header
legend([num2str(head(1),’%0.1f’) ’ \circC’],...

[num2str(head(end),’%0.1f’) ’\circC’], ’Change’)
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% Set font sizes for uniformity
set(gca,’FontSize’,18)
set(findall(gcf,’type’,’text’),’FontSize’,18)
% Save figures
savefig([’figs/’ file(1:end-4) ’_delt.fig’])
saveas(gcf,[’figs/’ file(1:end-4) ’_delt.png’])

% Plot all spectra together
figure(’Position’,[550,100,600,300])
plot(lam,perc,’.-’)
xlim(spec_range);
ylim([0 100]);
xlabel(’Wavelength (nm)’);
ylabel(’% Reflection’);
set(gca,’FontSize’,18)
set(findall(gcf,’type’,’text’),’FontSize’,18)
savefig([’figs/’ file(1:end-4) ’_all.fig’])
saveas(gcf,[’figs/’ file(1:end-4) ’_all.png’])

% Plot all spectra as sequence of frames in an animated gif
% Very useful for presentations, but not for papers
figure
for k=1:specs-2

plot(lam,perc(:,k),’r’, ’linewidth’, 2);
ylim([0 100]);
xlim(spec_range);
xlabel(’Wavelength (nm)’);
ylabel(’% Reflection’);
legend(sprintf(’%0.1f degree’, head(k)))
grid on;

% gif utilities
set(gcf,’color’,’w’); % set figure background to white
drawnow;
frame = getframe(gcf);
im = frame2im(frame);
[imind,cm] = rgb2ind(im,256);
outfile = [’figs/’ file(1:end-4) ’.gif’];

% On the first loop, create the file.
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% In subsequent loops, append.
if k==1

imwrite(imind,cm,outfile,’gif’,’DelayTime’,0,...
’loopcount’,inf);

else
imwrite(imind,cm,outfile,’gif’,’DelayTime’,0,...

’writemode’,’append’);
end

end
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APPENDIX B
DERIVATION OF QUARTER-WAVELENGTH THICKNESS FOR

REFLECTION MINIMIZATION

If a conductor (smooth enough to have a good reflectivity) were coated with a
vanadium dioxide film, at first glance, it would seem that some light would reflect
off of the VO2 surface, while some travels through the film, being absorbed by the
VO2 along its path-length, reflecting off of the metal, a small amount of absorp-
tion happening at this interface, travelling through the VO2, being absorbed along
its path-length, before emerging from the film surface. The measured reluctance
would then be the sum of the light reflected from the VO2 surface and the light re-
flected from the metal surface, as is shown in Figure 4.14a. Under this assumption,
if there is some incident light with an intensity we will scale to unity, the surface
reflection should simply have an intensity of

Isurf = RVO2 ,

where RVO2 is the measured reflection from VO2, dependant on the wavelength
and incident angle of the incoming light. As mentioned, due to the absorption from
the VO2, and the metal surface, the transmitted light would be partially absorbed
and have and intensity of

Imetal = (1−RVO2)A
2
VO2

Rmetal (Bi)

where Rmetal is the reflectivity of the uncoated metal surface and AVO2 is the
wavelength and incident angle dependant absorption, which is squared due to the
two passes of the light through the same thickness of VO2. This would mean that
the total reflected intensity given by a simple summation of these two quantities
would be

Itot = Isurf + Imetal = RVO2 + (1−RVO2)A
2
VO2

Rmetal (Bii)

which would inherit the wavelength and angle dependence of the reflections
and absorption.
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As attractive as this “first-glance” assumption may be, it neglects the wave-
nature of the light. As the transmitted beam travels through the vanadium diox-
ide, it is spatially delayed and will pick up a phase difference when compared to
the surface reflection. To account for this, let us assume a plane wave source is
incident on a VO2-coated metal. Given a film with a thickness z and a wavelength-
dependant index of refraction n, as well as an angle of incidence θi coming from air
(where we will assume, for simplicity, nair ∼ 1). The two beams will come together
and can be described by

ψtot = Asurfe
ikx−iωt + Ametale

ik(x+l)−iωt+iφmetal (Biii)

= Asurfe
ikx−iωt + Ametale

ikx−iωtei(kl+φmetal (Biv)

= (Asurf + Ametale
iφVO2

+iφmetal)eikx−iωt (Bv)

where φVO2 = kl and φmetal is a metal dependant (and angle dependant) phase
picked up from reflecting from the metal surface. This phase difference can result
in destructive interference between the plane waves when φVO2 is near an odd
integer multiple of π. This in fact means that the only time our original assumption
is valid is when φVO2 is an even integer multiple of π.

In this scenario, l = 2nz
cosθVO2

, where θVO2 = sin−1( sinθi
n

) is determined through
Snell’s law. So the phase difference can be stated as

kl =
2π

λ

2nz

cosθVO2

(Bvi)

φVO2 =
4πnz

λ cosθVO2

(Bvii)

If φVO2 ∼ π (or in general any odd multiple of π), the destructive interference of
the two reflected waves occurs for wavelengths of

λ ∼ 4 n z

cos θVO2

(Bviii)
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By tuning the thickness of the vanadium dioxide, specific wavelengths of light
can be targeted for this destructive interference, minimizing the reflection for a
band around the targeted wavelength.

This band is not very sensitive to angle of incidence if n is very large. Consider
the possible values of θrmV O2 . As it is calculated through Snell’s law,

θVO2 = sin−1

(
sinθi
n

)
(Bix)

This means that the effect of the angle of incidence, which comes through via
cosine is

cos θVO2 = cos

(
sin−1

(
sinθi
n

))
(Bx)

This is plotted in Figure B1, assuming a reasonable value of n = 3 for some range
of wavelengths in vanadium dioxide. The wavelength at which maximum inter-
ference occurs under these assumptions never moves by more than 6%, meaning
if the critical wavelength were λ=1550 nm, the most this critical wavelength could
shift would be to a wavelength of ∼1640 nm, and that is close to a 90◦ angle of
incidence, which is generally well past the point where other issues will begin to
arise.

Figure B1. Effect of angle of incidence on wavelengths at which destructive inter-
ference occurs.
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