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ABSTRACT OF THE THESIS
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VO is a thermochromic material that has been historically incorporated in variable
emissive multilayer (VEM) designs for passive thermal management. However, this remains a
relatively nascent research area, and limited efforts have been directed towards optimizing the
Fabry-Perot resonance VO»-based VEM design. This study presents the synthesis and
characterization of VO films deposited using magnetron sputtering. The change in emittance
(A€e) of VEM designs, incorporating silicon or silicon oxide spacer layers on silver reflectors, are
documented. The study showcases the optimization of the VEM design, achieving a notable
normal Ae of 0.81 with just a single layer of VO2. Additionally, enhancement layers to the VEM
design are explored and experimentally detailed, demonstrating improvements in Ae through

broadband enhanced resonance.
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1. Introduction

Recently there has been a renewed interested in passive radiative cooling coatings for
thermal control applications [1, 2]. Passive radiative cooling coatings are materials designed to
emit thermal radiation efficiently in the infrared spectrum, allowing objects to cool down by
radiating heat into the surrounding space. These coatings typically have specific properties that
enhance their ability to radiate heat effectively. They are engineered to have high emissivity in
the infrared region, meaning they can emit a large proportion of the thermal radiation they
absorb. Additionally, they have low absorptivity in the solar spectrum, which prevents them from
absorbing too much sunlight and heating up.

While the properties of these static thermal coatings are sufficient, there is a desire for
adaptive radiative coatings which can vary emittance of thermal radiation, and thus vary cooling
power, based on the temperature of the coating in a variable environment [3, 4]. An adaptive
radiative coating like this could exhibit variable emittance. At lower temperatures, the coating
would minimize emittance to restrict thermal emission loss and prevent further temperature
decrease. Conversely, at higher temperatures, the coating would enhance emittance, fostering a
radiative cooling effect to reduce the overall temperature. This variable thermal emittance
characteristic would prove beneficial for various applications, including both spacecraft [5-8]

and building thermal management [3, 9, 10].

Coatings can be tailored to achieve static desired radiative properties such as high or low
emittance through multilayer design, but switchable radiative properties are harder to achieve.
One solution to this problem is the incorporation of a thermochromic material in the coating

design such a Vanadium Dioxide.



Vanadium Dioxide, VO, can exhibit metal to insulator phase transition (MIT) at 68 °C
causing the material’s resistivity and optical properties to exhibit a significant change [11]. The
dramatic change in the electrical and optical properties of thermochromic VO2 has been studied
for use in a variety of applications including Mott memory [12], field effect transistors [13],
electrical oscillators [14], mechanical sensors [15], high speed RF-microwave switches [16],
THz devices [17], and optical switches [18]. All utilize the metal to insulator phase transition of

the VO material by incorporating it into a device structure.

The transition from a metal to an insulator phase in VO2 makes it well-suited for adaptive
radiative coatings. Experimental findings demonstrate that VO variable emissive multilayer
(VEM) coatings can achieve a sevenfold variation in radiative cooling power through the
implementation of a Fabry-Perot resonance multilayer design [6]. VO2 based VEM designs have
been reported to experimental achieve emittance changes (Ae) up 0.66 while theoretical designs
have been proposed that achieve emittance changes of 0.78 [19]. While the theoretical studies
indicate significant potential for adaptive radiative cooling using VO thin films, challenges

persist in the fabrication and experimental demonstrations of these devices.

This study will cover the fabrication, structural and optical characterization, and
experimental demonstration of several VO-based multilayer coating designs which demonstrate
variable emittance for adaptive radiative cooling. The VEM design will be optimized and a novel
enhancement layer to the Fabry-Perot design will be proposed and experimentally demonstrated

that increases Ae through broadband enhanced resonance.



2. Background and Theory

2.1 Vanadium Oxide and phases
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Figure 1: Rough phase diagram of the vanadium oxygen system with VO, highlighted [20]. From Influence of
stoichiometry on the metal-semiconductor transition in vanadium dioxide by C. H. Griffiths et al. J. Appl.

Phys. 1974. Copyright 2003 by C. H. Griffiths. Reprinted with permission.

As illustrated in Figure 1, Vanadium oxide exhibits a wide array of stable phases,
including V20s, V203, and V6013 [20]. This diversity renders it a highly valuable material for
numerous industries, but it also poses challenges when attempting to synthesize pure
thermochromic VO2. Throughout the exploration of thermochromic VO3, VO. will frequently be
characterized as it being in a high-temperature metallic phase or a low-temperature insulating

phase.

As depicted in Figure 2, the high temperature metallic VO2(R) phase has a tetragonal

rutile structure and the low temperature insulating VO2(M) phase has a monoclinic structure [21,



22]. The high temperature tetragonal rutile phase has V-V pairing separations of 0.287 nm.
When it transitions to the low temperature monoclinic phase the pairing is tilted along the ¢ axis
causing a doubling in size of the unit cell and alternating V-V separations of 0.285nm and
0.312nm. The d-electrons of each V atom are bound to these V-V bonds. In the high temperature
phase the 3d electron orbital bands overlap close to the Fermi level causing conduction like a
metal. In the low temperature phase the bands split causing a 0.7 eV bandgap as depicted in
Figure 3. Whether the structural transformation of the V-V dimer triggers the insulating behavior
of the VO at low temperature as expected for a Peierls insulator, or the electron correlation
effect dominates, as with Mott-Hubbard insulators[23], is still a subject to extensive debate [24-

27].

Figure 2: Structural phase VO,. The Low-T phase is monoclinic. The High-T phase is rutile, tetragonal. The Low T
phase is derived after pairing and tilting along the c¢ axis causing its unit cell to be of double the size with distorted
oxygen cages [21]. From Evidence for a structurally-driven insulator-to-metal transition in VO, from A. Cavalleri et

al. Phys. Rev. B 2004. Copyright by A. Cavalleri. Reprinted with permission.



Figure 3: Electronic band structure of a)Monoclinic Insulating and b) Rutile metallic phases of VO, [25]. From
Recent progresses on physics and applications of vanadium dioxide by Kai Liu et al. Materials Today, 2018.

Copyright Kai Liu 2018. Reprinted with permission.

(o) VOLA) (c) VO, (M1) (@) VO,R)

Figure 4: Schematics of (a) VO2(B), (b) VO2(A), (c) VO2(M1) and (d) VO(R) phases [28].

Vanadium dioxide, VO, has several phases that are not thermochromic as well, such as
VO2(B) and VO2(A) as illustrated in Figure 4. This becomes important during synthesis when
the correct oxygen to vanadium stoichiometry is achieved but the reaction temperature is not
enough to produce thermochromic VO2(M). While Vanadium can be annealed to oxidize or
reduce oxygen content or annealed to crystallize to achieve VO2(M), the aim of this study was to

sputter pure VO2(M) without postprocessing.



2.2 Transition Properties of VO2

The phase change of VO from rutile to monoclinic has electrical [29], thermal [30], and
optical [31] changes that are of interest for many applications. This study will center on
examining the phase change of VO induced by temperature but it is important to note that a shift
in the VO_ phase can also be initiated by optical [32], mechanical [15] and electrical excitations

[33].

It has been observed that during the phase transition from an insulator to a metal, the
resistivity of VO2 could decrease by 4-5 orders of magnitude [11]. Subsequently, it was found
that this phase transition is accompanied by a significant transformation in the infrared spectral
response. In its insulating phase, VO- allows for high infrared transmission, whereas in its
metallic phase, it becomes highly absorbing and reflective [31]. This characteristic makes VO>
particularly appealing for applications related to smart windows [34-37]. These applications
require the coating to be transparent to infrared solar wavelengths when it's cold and opaque
when it's hot. As will delve into later in this discussion, the infrared transmissive and reflective
properties of VO> can also be effectively utilized in a multi-layer design for use as a smart

radiator with low emissivity at low temperatures and high emissivity at high temperatures.

2.3 Modification of Transition Properties

The control of VO_'s transition properties plays a pivotal role in various applications.
When VO> undergoes the shift from an insulating to a metallic phase, it creates a difference in
optical characteristics known as the transition amplitude. The transition temperature, situated at

the midpoint of this amplitude during the heating process, and the variance in transition



temperature between heating and cooling collectively establish a hysteresis curve, all of which

are visually represented in Figure 5.

These parameters, namely the transition temperature, amplitude, and hysteresis width, are
of paramount importance across a range of applications and necessitate precise management.
Fortunately, it is feasible to fine-tune the optical switching amplitude, hysteresis width, and
transition temperature of VO2 using techniques like adjusting film thickness, applying stress,

strain, and introducing dopants.

Transition
Temperature

/— Transition Amplitude

Hysteresis Width

Figure 5: Example transmittance graph labeling Transition Amplitude, Temperature and Hysteresis width of a

hysteresis curve.

Thinner VO; films (3-25nm) exhibit lower transition temperatures, degraded transition
amplitudes, and larger hysteresis widths due to structural defects, film stress and strain between
the VO- film and the substrate due to thermal expansion coefficient and lattice mismatch
respectively [38-42]. As film thickness increases, the strain relaxes and the hysteresis width
decreases while transition amplitude increases [38, 43, 44]. This strain effect can be used to tune

the transition temperature using buffer layers [41].



VO transition temperature can also be shifted to higher or lower temperatures with
introduction of dopants [45]. Ti and Ge are known to the shift VO, to a higher temperature,
while W, Mo, Nb, Ni, Co and Fe are observed to decrease the transition temperature[45]. This
change in transition temperature is due to distortion of the crystal lattice and electron orbitals
[27, 45-47]. The exact method by which each dopant affects the transition temperature is still a
subject of extensive research and general rules based on donor-like or acceptor-like dopants with
large or small ionic radii cannot be uniformly applied to VO thin films [48]. Most radiator
applications using VO wish to lower the transition temperature and tungsten is the most
effective dopant in reducing transition temperature per atomic basis so it the mostly commonly

used [49].

Using the above tools, the transition properties of VO films such as the transition

temperature can be honed for specific applications and requirements.

2.4 Synthesis of VO2

Thermochromic VO thin films have been synthesized in a variety of techniques
including solution-based depositions such a Sol-gel [26, 50], gas based depositions such a Pulsed
Laser Deposition (PLD), Chemical Vapor Deposition (CVD), and the technique that this thesis

will employ, sputtering.

The sol-gel method involves metal alkoxides formed into a colloidal solution which is
then dipped or spun into a thin film and then dried to remove the liquid phase. As sol-gel does
not require large expensive vacuum reactors and manifolds, its wide adoption is mostly due to its
low cost. The sol-gel method for depositing VO. always requires a thermal annealing step to

reach the correct VO2(M) crystal phase and it also serves to change the porosity of the film



which can be controlled through time and temperature of the anneal [51]. The largest downside

of sol-gel is that it is very time-consuming multi-step process.

Chemical vapor deposition (CVD) involves exposing volatile precursors to react and
form a film on a substrate while by-products are removed by gas flow. The CVD growth of VO
has been exhibited with many different reactants and carrier gases with and without post process
annealing at varied pressures from atmospheric to high vacuum [51, 52]. However, CVD does
come with certain limitations, including the complexity of ensuring chemical reactions, the use

of potentially hazardous precursors, and the formation of heterogeneous and porous films.

Pulsed Laser Deposition (PLD) represents one of the most recent advancements in the
fabrication of VO; thin films and has proven to be exceptionally well-suited for oxide growth.
PLD utilizes a high-powered pulsed laser to vaporize a target material, ensuring stoichiometric
deposition onto a substrate. This technique has demonstrated remarkable success in depositing
VO, films and has even accomplished this without the need for substrate heating or subsequent

annealing, a feat that no other gas-based deposition method has achieved [53, 54].

Sputtering of VO3 is well studied and involves accelerating ions out of a gas plasma
discharge to bombard a target material onto a substrate forming a thin film [49, 55]. Sputtering
offers a significant advantage in that it enables the deposition of dense, high-quality films at
lower temperatures due to the energetic nature of the deposition process. Sputtering parameters
such as temperature and oxygen partial pressure effect on the structural, optical, and electrical
properties of VO2 have been studied at length [20, 56, 57]. Optimizing sputtering conditions are
an active area of research interest, promising better VO transition properties and lower required

substrate temperatures [58].



As previously discussed, there are many stable and metastable phases in the vanadium-
oxygen system which makes the role of oxygen partial pressure a key parameter during sputter
deposition and critical to achieve thermochromic VO2(M). Above a critical temperature, small
changes in oxygen partial pressure can drastically change the deposited film stoichiometry.
When oxygen partial pressure is varied, different mixes of the vanadium oxide phases can be
found in the deposited film and the lattice spacing of the VO2(M) and energy band structure
varies due to defects from interstitials and vacancies degrading the switching amplitude [20, 59].
For many vanadium sputtering processes, VO- films are obtained in a narrow range of oxygen
partial pressure, corresponding to condition where “poisoning” of the cathode (also called a

sputtering target) is just starting to occur [60].

The substrate temperature plays a pivotal role in sputtered VO, films. In broad terms,
research has shown that VO, films deposited at temperatures of 350°C, 400°C, and higher tend
to exhibit pronounced thermochromism [57, 61], whereas films deposited at 300°C or lower
display weak or no thermochromic behavior. However, it's important to note that the specific
outcome can vary on a case-by-case basis, influenced by factors such as chamber geometry and

sputtering power.

Doping of VO via sputtering can be achieved either by sputtering a single doped
vanadium target, or by co-sputtering of two separate targets. Co-sputtering of vanadium and
tungsten has resulted in a 23°C decrease in the transition temperature per atomic percent tungsten
(23°C/at%) [49]. Molybdenum doping shows a decrease of 12-15°C/at% decrease in transition

temperature for doping less than 2 at% [62, 63]
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2.5 Characterization of VO2

2.5.1 Structural Characterization

In the study of thermochromic VO3, structural characterization plays a vital role by
enabling the identification of the film's stoichiometry and revealing defects and dopants that have
a direct impact on critical thermochromic properties, including switching amplitude, transition

temperature, and hysteresis.

X-ray Diffraction (XRD) is a powerful structural characterization technique used to
determine the crystallographic structure of materials. It works by measuring the angles and
intensities of X-ray beams scattered by a sample, providing information about the arrangement of
atoms in a crystalline material, including unit cell parameters, crystal orientation, and phase
composition. XRD of crystalline vanadium oxide films determine the stoichiometry of the film
by identifying intensity peaks that correspond to unit cell lattice parameters of V203, VO2, V205
and other stable phases [53, 64]. This is also used to determine crystal structure of various
polymorph with same stoichiometry such as VO2(A), VO2(B) and thermochromic VO2(M) and

VO2(R).

X-ray Photoelectron Spectroscopy (XPS) is a structural characterization technique that
uses X-rays to excite photoelectrons to be ejected from the inner shells of atoms in the material
of study. The energy of photoelectrons emitted from the surface of a material is characteristic of
the binding energy levels of the electrons in the atoms providing information about the elemental
composition, chemical states, and concentrations of elements on the material's surface. XPS is
used to determine the stoichiometry of vanadium oxide films by measuring the binding energy of

photoelectrons to determine the oxidation state of vanadium atoms from which they were emitted
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[64]. This is also used to measure elemental concentrations of dopants in the vanadium oxide

films.

Scanning Electron Microscopy (SEM) is another technique for characterizing surface
structures. It operates by scanning a focused electron beam across a specimen and detecting the
resulting secondary and backscattered electron signals. These signals are harnessed to generate
high-resolution images, unveiling details about the sample's surface morphology and
composition. SEM images of vanadium oxide films are used to study the surface grain size and
thus defect size of the surface grain boundaries [65]. Increasing grain size have been observed to
provide higher transition amplitudes and decreased hysteresis width due to decreased grain

boundary defects [65-67].

Structural characterization is crucial for optimizing VO2 synthesis conditions to deposit

films with precise stoichiometry, crystal structure and defects size.

2.5.2 Optical Characterization

Comprehensive optical characterization is essential for quantifying the optical transition
amplitude, transition temperature, and hysteresis width of VO, films. It is paramount for
predicting and understanding the behavior of VO films within intricate multilayer structures,

making a deep dive into the intricacies of each characterization technique a vital imperative.

2.5.1.1 Spectroscopy

Spectroscopy is a characterization technique used to study the interaction between matter
and electromagnetic radiation often in the form of light. It measures how a material interacts with
light over a range of wavelengths. Generally, a sample is illuminated by a range of wavelengths

and the reflected or transmitted light from the sample is separated into individual wavelengths
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and the intensity is measured. This can give information about the electronic and bonding

structure of a material.

Transmission and reflection spectroscopy of thermochromic VO: in the ultraviolet (UV),
visible (Vis) and infrared (IR) are used to measure the transmittance T'(1) and reflectance change
R(A) due to the transition from insulating VO2(M) to metallic VO2(R). Absorption a(A) of the

VO at a given wavelength can be calculated from transmittance and reflectance.

a) =1 —RQ) — T 1)

Typically, these measurements are conducted with light incident upon the sample at
angles very close to perpendicular or normal incidence (6 = 0). While VO films don’t have
large optical changes in the visible spectrum [68], VO2 films have been reported to exhibit up to
a 50-70% transmittance difference upon transition from insulating to metallic between 2.5 um
and 10 um as characterized by spectroscopy [26, 57, 69]. The optical switching amplitude can be

correlated to the VO film thickness, stoichiometry, dopants, and defects.

In the development of smart radiator designs incorporating thermochromic VO, the
measurement of emittance of multilayer stack configurations is achieved using directional
reflection spectroscopy. These configurations are referred to as variable emissive multilayers
(VEMSs). Given their application in radiative devices, it is essential to account for emissivity in
all directions, not solely at normal incidence. The VEM designs discussed will be opaque so due

to the conservation of energy and Kirchhoff’s radiation law, a(6, A) = €(6,2), the directional
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emissivity €(0, 1) at a given wavelength and angle of incidence is calculated from the direction

reflectance R(0, 1).

e(6,1) =1—R(6,1) )

The total hemispherical emittance at a given temperature is given by integrating the directional
emissivity over the wavelength and angle range while normalizing to the black body spectrum
with Planck’s equation [70].

~ fOOORSOB,A)P(B,/L T)dA 3)
J, P(6,2,T)dA

e(T)=1

Planck’s equation P (68, 1), which expresses the limit of a perfect blackbody at a given
temperature, is given by

2hc? (4)

P, 2) = 15 (ehe/2TkY — 1

where h is Planck’s constant, c is the speed of light, T is the absolute temperature and k is the
Boltzmann constant. Assuming symmetry along one angle, total hemispherical emittance can be
calculated when the reflectance has been measured over a sufficiently wide range of incidence
angles to permit integration over the hemisphere. Reflectance measurements out to 25um are

necessary for accurate calculation of emittance [71].
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Measuring and understanding the spectral response of VO is important not only to
developing optimal synthesis techniques to achieve VO, with high transition amplitudes but for
accurately measuring the total emittance of VEM designs upon which future device performance

will rely.

2.5.1.2 Ellipsometry

Ellipsometry of VO3 is used to evaluate the thickness and optical constants of the film.
Ellipsometry measures the Psi (¥) and Delta (4) of the sample which describe the change in
polarization that occurs when the measurement beam reflects off with the sample surface. The
difference in the response of the sample to p and s-polarized light causes a change in the
reflected polarization which is measured by the amplitude ratio (tan¥) and phase difference (A).

This is displayed in Equation 5,

L = tanPe'® (5)

where r, and 7; represent the reflectivity of the p- and s-polarized light.

When fitting the ellipsometry data, an optical model is created using oscillators to model
the dispersion. Frequently Gaussian oscillators are used in combination when modeling dielectric
compounds and have provided accurate descriptions over a wide range of wavelengths for
VO,[26, 50, 72, 73] . Insulating VO2(M) usually exhibits a refractive index (n) of between 2 to 3

and a decreasing extinction coefficient (k) less than 1 from 0.5um to 10um.
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For metallic films, a Drude oscillator can be added to model the dispersion of free charge
carriers in the material. Optical constants for VO2 have been reported in several studies that
cover UV/VIS and IR spectrum [26, 50]. Metallic VO2(R) usually exhibit both an increasing

refractive index (n) and extinction coefficient (k) from .5um to 10um.

Measuring optical constants and thickness of VO- is essential for building a model for

how insulating and metallic VO will behave in a VEM.

2.6 Fabry-Perot Multilayers

An ideal variable emissive radiator should exhibit high emissivity when at high
temperatures and low emissivity when at cold temperatures. VO films exhibit properties
opposite to this behavior. By using a multilayer design utilizing a Fabry-Perot resonance cavity,
the insulating and metallic properties of VO. can be harnessed into a multilayer with properties

of an ideal variable emissive radiator.

A Fabry-Perot cavity is formed when two highly reflecting and parallel surfaces are
separated by a lossless spacer material forming a resonant signal based on the spacer material
thickness due to constructive interference [74]. Fabry-Perot interferometers are commonly used
in a variety of applications to control and measure the wavelength of light [75]. Recently it has
been demonstrated that a three-layer thin film multilayer utilizing a Fabry-Perot cavity can yield
near perfection absorption peaks[76]. Based on the length d and refractive index n of the spacer

material, the resonance wavelengths A of high absorption will be created
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4nd (6)

at odd integers of j [77] . The Fabry-Perot resonance occurs when there is a 2 phase shift of the
electric field inside the cavity forming a resonant standing wave which enhances the
electromagnetic field at the interfacial region between the spacer and the top and bottom
reflecting surfaces [76, 78]. The absorption of the light at the reflecting surface is proportional to
the square of the electric field [79]. Using this effect, Fabry-Perot resonator cavities designs have
been demonstrated to increase thermal emission and can be easily tuned by changing the cavity

thickness [80] which make them ideal for use in variable emissive radiator designs utilizing VO..
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Figure 6: (Left) Metallic VO3 top layer creating a Fabry-Perot resonance and high absorptive/emissive Multilayer

(Right) Insulating VO allowing transmission of light and a highly reflecting Multilayer.

When the radiator is at high temperature the VO3 is reflective in its metallic state,
producing a strong absorption and emission enhancement from the Fabry-Perot Cavity. At low
temperatures, the VO is insulating and transmissive letting the multilayer stack operate as a

conventional enhanced mirror with a low emittance that is mostly dependent upon the underlying

17



mirror coating. The spacer layer thickness d; will change where the resonance peaks occur as
illustrated in Figure 7. The thickness of the VO2 will change the strength and width of the

resonance response and adjust the position as well [76-78]. This is illustrated in Figure 8.
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Figure 7: Example reflection curve of a VO, resonator modeling a silicon space (n=3.4) with a varying thickness
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Figure 8: Example reflection curve of a VO, resonator modeling a 500nm Silicon space (n=3.4) with varying VO,

thickness.
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As outlined in Equation 6, the design of a VO, VEM can be tailored to achieve a Fabry-
Perot resonance absorption at a designated wavelength. Referencing from the black-body spectra
depicted in Figure 9, the optimization of the design choice is specifically aimed at maximizing
emissivity in the hot VO metallic state, with a focus on achieving maximal performance at a
wavelength near 9 um or 10 um as it aligns to the peak spectral radiance of the black body curve

which is related to the emittance of the multilayer via Equation 3.
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Figure 9: Black Body Spectral radiance spectra calculated at various temperatures.

The selection of the spacer material is a pivotal factor in VO, VEM design. Theoretical
modeling has shown that reducing the refractive index of the spacer layer results in the
broadening of the absorption range at elevated temperatures [81]. However, the spacer must
exhibit excellent infrared (IR) transparency to ensure high IR reflectivity when in the low-

temperature state. This, in turn, will generate the most significant change in emissivity, denoted
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as Ae, from the low-temperature low-emissivity state €;, to high-temperature high emissivity state

€y, Serving as the primary metric for an optimal VEM.

Ae = €y(Thign) — €L(Tiow) (7)

Reported VEM designs have €;, ranging from 0.1 to 0.3 and ey to 0.4 and higher.

Table 1 presents various experimental demonstrations showcasing the exceptional
performance of VO2-based VEMSs in terms of Ae. Hendaoui et al. achieved a hemispherical Ae of
0.46 using a SiO2 spacer layer in combination with undoped VO,. When employing a tungsten-
doped VO layer, their Ae was 0.43, and the critical transition temperature was 31.5°C [5]. It's
worth noting that SiO> is constrained by its absorption peak in the 8-10um range, as will become

evident in presented results. Taylor et al. obtained a Ae of 0.45 with the use of a silicon spacer
[4].

Kim et al., employing a BaF> spacer, achieved a normal emittance of Ae =0.49 and a
hemispherical Ae of 0.35. This highlights a noteworthy discrepancy between reported normal and
hemispherical emittance values [6]. Normal emittance only takes into calculation the reflectance
of the multilayer at normal incidence which leads to an overestimate of actual performance as it
doesn’t account of the angular dependence of the multilayer design. In the field, there appears to
be a prevailing trend of reporting only normal Ae values, despite the need for hemispherical data

when calculating radiative power, primarily because the former tends to be significantly higher.
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The most remarkable achievement in a straightforward three-layer VO.-based VEM is reported
by Beaini et al., who attained a normal incidence Ae of 0.66 by employing a CaF spacer [81].
This outcome is in line with expectations, given CaF.'s broadband infrared transparency and low

refractive index.

The Fabry-Perot resonance multilayer stack design has demonstrated its suitability for
VEMs, thanks to its straightforward and adjustable resonance structure. That same quality also

renders it well-suited for optimization.

Table 1: Experimental VEM Results from 300K to 375K with different spacer Materials

Spacer Hemispherical Ae Near Normal Ae Source

SiO; 0.46 0.49 Hendaoui et al. [5] [82]
Si 0.45 Taylor et al. [4]

BaF 0.35 0.49 Kim et al. [6]

Al;O3 0.46 Kim et al. [83]

HfO, 0.55 Wang et al. [84]

CaF 0.66 Beaini et al. [81]

2.7 Optimization and Enhancement of Fabry-Perot Design

The modeling of the Fabry-Perot resonance design proves highly advantageous for
optimization due to its straightforward structure and the ease with which resonance can be
adjusted, as previously discussed. These models are primarily geared towards optimizing the
largest Ae by manipulating spacer and VO- thickness to achieve the desired performance at both
cold and hot temperatures, as outlined in Equations 2-4 and assessed through reflection

calculations using the Transfer Matrix Method (TMM).
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Notably, Zhang presented a noteworthy optimization of a VEM, employing either SiO2 or Al203
spacer layers, which resulted in a normal incidence Ae of 0.47 [85]. Additionally, Wu introduced
an optimization strategy employing a BaF. spacer design, yielding a remarkable normal

incidence Ae of 0.64 [86].

Enhancement layers on top of the VO> have been studied for a variety of optical
applications including increasing luminous transmittance [68] and enhanced emittance-switching
[87]. Bragg mirror reflectors have been modeled on VVO2 Fabry-Perot cavity designs to minimize
the solar absorption [88, 89], a requirement for future space radiators. Designs containing
multiple layers of superposed VO, Fabry-Perot cavities have been simulated, and achieved
normal Ae = 0.78 [19] but would be highly difficult to fabricate due to the need to deposit VO>
at high temperatures. One of the most impressive experimentally proven designs in the field
today is a thinned silicon substrate with a VO Fabry-Perot cavities on one side and a 5-22um
antireflection coating on the other side, achieving a hemispherical Ae = 0.62 and a solar

absorption less than 0.15 [90].

This study will propose an enhancement layer directly on top of a VO in a Fabry-Perot
cavity design which directly enhances the absorption of the VO layer in the metallic state and
thus the emissivity of the multilayer. Only one other study [91] has examined coatings as direct
enhancements to a Fabry-Perot multilayer design, but to the author’s knowledge the present work

is the first known experimental synthesis and testing of this approach.
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2.8 Electric Field-Induced Absorption in Multilayer Structures

To understand how this study’s proposed enhancement layer will increase the absorption
in the VO, it is necessary to review electric field theory through a multilayer stack from an
optics perspective. Materials, made up of mostly stationary charged particles, interact with light
entirely though the electric field. When the electric field amplitude is high, the potential for
interaction with the material is great. When multilayer optical films are illuminated by light,
standing wave patterns of the electric field form due to reflection at each interface. The standing

wave patterns vary considerably due to the position and the wavelength of the light [79, 92].

The propagating electric field E’ and magnetic field H’ in a multilayer can be derived from the

characteristic matrix shown in Equation 8 [92],

£’ cosd B p
J=1" y ®)
H iysind cosd| | H

with complex tangential amplitudes of the electric field E and magnetic field H and

admittance y. For a thin absorbing layer of thickness d embedded in a multilayer, the phase term

is

5 _ 2n(n—ikyd (9)
==
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and the input irradiance and exit irradiance through that film are given by

1 ’ I* 1 *
Iin = ERe(E -H"™) and Iy = ERe(E -H") (10)

where * denotes the complex conjugate. The irradiance absorbed by the thin film is therefore

given by the difference of the two and can be proven to be

2mnkd
Labsorbed = o\ - YE? (11)

where Y is the optical admittance and the normalized electric field intensity squared is

E2=E-E* (12)

From Equation 11, the magnitude of absorbed energy is directly proportion to the thickness d
and extinction coefficient k of the film as well the electric field intensity in the film £2.

In the 3-layer VEM, the Fabry Perot design forms an enhanced electric field at a resonant
wavelength. This enhanced electric field extends into the VO layer thus increasing the
absorption of the metallic VO2 consistent with Equation 11. Improvements to this design are
feasible if additional enhancement layers could be used to increase the electric field inside the
metallic VO layer at broadband wavelength. This would further increase the absorption of the

metallic VO and thus the Ae of the VEM.
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3.0 Experimental

VO, samples were synthesized, followed by structural and optical characterization, with

the aim of determining their thermochromic properties, optical transition amplitude, and

transition temperature. Additionally, VEM coatings were fabricated and subjected to optical

testing to assess changes in emittance.

3.1 Sputtering
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Figure 10: Diagram of the sputter chamber used to deposit VO,. Vanadium is sputtered from the magnetron source

on the right with the closer working distance. A plasma monitor records the spectra of the plasma and is used to

control the flow rate of the oxygen and argon. The second Magnetron source on the left is used for co-sputtering to

dope the VO films.

VO thin films were synthesized using radiofrequency (rf) magnetron sputtering in a

vacuum chamber, which was evacuated to a base pressure below 1e-6 torr (1.3e-4 Pa). A
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diagram of the sputter chamber is shown in Figure 10. A 3-inch (7.62cm) sputtering target
composed of 99.9% pure vanadium was operated at 300 W, and the reflected power was
carefully maintained near zero through an automatic capacitance tuning network. The Vanadium
target was sputtered at a working distance of 12.5 cm from the substrate holder. Samples were
deposited at a pressure of 2 millitorr (2mtorr) (0.267 Pa) with a constant flow rate of argon at 9
standard cubic centimeters per minute (sccm), along with a variable oxygen flow. The oxygen
flow rate was regulated through a spectroscopic plasma monitoring system to maintain a
consistent ratio between the intensity of argon at 772 nm and oxygen at 777 nm in the plasma
emission spectra. Plasma spectra were captured at intervals of 100 milliseconds and subsequently
fed into a PID controller responsible for managing the oxygen flow via a mass flow controller

(MFC).

The substrate holder, located 0.25 inches (6.35mm) in front of the ceramic heater, was
heated by a nickel-chrome radiative heater with a ceramic top plate capable of reaching a
maximum temperature of 800°C. The substrate holder was electrically floating. To achieve the
desired pre-deposition conditions, the front side of the substrate holder was monitored via a
thermocouple and was gradually heated to reach 500°C. This required the radiative heater to
reach an internal temperature of 790°C. The same conditions were then repeated during VO

deposition without the thermocouple so that the substrate plate could rotate freely.
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Figure 11: Photos of sputter chamber setup showing substrate holder, vanadium sputter target, ceramic radiative

heater and the plasma emission monitor.
Doping of the VO films was carried out by simultaneously co-sputtering a vanadium
target and a tungsten, titanium, or molybdenum target. Tungsten was deposited at the lowest
feasible power, 8 watts, while still maintaining a stable plasma. Titanium was sputtered at 250

W, and molybdenum was sputtered at 15 W.

For the VEM designs, the silver, silicon, and SiO> layers were deposited in a separate
magnetron sputtering chamber before being transferred to the same chamber mentioned above
for sputtering with VO, following the established procedure. A 50nm barrier layer of silicon

nitride was experimentally determined to be essential between the silver and silicon layers to
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preserve high reflectivity by preventing interatomic diffusion during substrate heating before the

VVO> deposition.

3.2 Structural Characterization

Crystal structure of the VO, examined by XRD was taken on a Rigaku SmartLab SE
Diffractometer using copper Ka radiation (40kV, 30mA) and a HyPix-400 2D Detector. Scan

were taken in Parallel beam mode with a 2° glancing angle and a 0.015° degree step size.

Relative elemental compositions of VO films were analyzed by X-ray photoelectron
spectroscopy (XPS). A PHI Versaprobe Il Scanning XPS Microprobe (Physical Electronics,
Chanhassen, MN, USA) with monochromatic aluminum K-alpha source (1.486 keV) was used
with a beam spot size of 200 um. Hemispherical electron energy analyzer with a takeoff angle of
45° and a pass energy of 187.85 eV was used for obtaining survey spectra from which relative
atomic percentages of elements were determined by quantitative peak fitting analysis. Before
XPS scans were taken, samples were sputtered with Argon to remove the top 3nm of the film so

surface species non-characteristic of the bulk film were removed.

Surface morphology and grain structure of VO2 films were examined by scanning
electron microscopy (SEM) observations. A JEOL JSM-7600F field emission scanning electron
microscope was used in secondary electron imaging (SEI) mode and scans were taken at 50kx

magnification.

3.3 Optical Characterization

The optical switching behavior of deposited VO films on fused silica were determined

by transmission spectroscopy using a Lambda 900 spectrometer (PerkinElmer) and a custom-
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made heated sample holder. UV, VIS and NIR transmission spectra of 190nm to 2500nm
wavelengths were measured at selected temperatures in the range of 25-90 °C. Hysteresis curves

upon heating and cooling of the material were taken at 2500 nm with a ramp of 1°C/min.

The optical switching behavior of VO- films on double side polished silicon were
determined by FTIR spectroscopy using a Perkin Elmer Frontier Optica and a custom-made

heated sample holder. Measurements were taken from 2.5um to 25um.

Spectroscopy ellipsometry was measured on a VASE ellipsometer at Aerospace
Corporation and both a RC2 Model and IR-VASE Ellipsometer (J.A. Woollam) at J.A. Woollam.
The measurements on the VASE and RC2 Ellipsometer were taken from 0.193um to 2.5um at
incident angles 55°,60°,65°,70°, 75° and at 1nm intervals. Measurements were taken using the
IR-VASE from 1.25um to 34um at incident angles 55°, 65°, 75°. Ellipsometry was carried out at
two temperatures: 30°C (VO in insulating phase) and 100°C (VO: in metallic phase). Thickness
and optical constants were evaluated by using the WVASE software. When fitting the
ellipsometry data, gaussian oscillators were used to model the dispersion relationship in both the
insulating phase and metallic phase. An additional Drude oscillator was added in the metallic
phase. Thickness values were used to calibrate the growth rate of the VO, and optical constants

were used to model and optimize VEM designs.

IR reflection spectra of VEM designs were measured on a Surface Optics SOC-100
hemispherical direction reflectometer (HDR) coupled to a Nicolet i550 FTIR spectrometer
(Thermofisher). Samples were mounted on a heating stage. The SOC-100 HDR uses a 2n
imaging hemiellipsoid to diffusely illuminate the sample using a 700°C blackbody. The source
radiation is chopped between source and sample so that self-emission signal background is

eliminated. A pick off mirror directs reflected light from the sample at varied angles to the
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spectrometer. Reflection calibration is made by comparing the sample to a standard of known
directional reflectance. The sample and standard are moved in and out of the pickoff mirror path
at every angle. Reflection measurements were taken at 11°, 20°, 30°, 40°, 50° and 60° degree
angles. Total hemispherical emissivity data was calculated using OMNIC Specta software.
Reflection spectra was compared to modeled VEM spectra in the goal of achieving improved

emittance switching Ae.

3.4 Optimization and Modeling

The modeling of VEM coatings was carried out using thin film optical modeling software
TFCalc and MATLAB. The optical constants for VO, were determined through experimental
ellipsometry, while those for silicon [93], barium fluoride [94], and silver [95] were sourced

from existing literature.

The optimization of the emissivity change (Ag) in a VEM was carried out using a custom-
built genetic optimizer [96, 97] and gradient descent [98] function in MATLAB. Commercial
thin film software is not capable of optimizing the performance thin film structures containing
phase change materials with distinct optimization objectives for each state, such as achieving
both high and low emissivity. The MATLAB optimizer was constrained to assign thick silver as
the first layer and VO as the third layer, but it had the freedom to select various materials for the
intermediate spacer and to place materials on top of the VO layer in order to maximize the
emissivity transition. Emissivity values were derived from Equations 2-4 and assessed through

reflectivity calculations using the Transfer Matrix Method (TMM).

Following a predefined number of genetic optimization rounds, the multilayer design was

then subjected to a gradient descent optimizer. This optimizer adjusted the thickness of each
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layer to further enhance the emissivity transition. Importantly, a thickness penalty was applied to

the gradient descent optimizer to ensure that the design could be realistically fabricated.

4.0 Results and Discussion

4.1 Sputtering

A substantial portion of this project was dedicated to optimizing deposition conditions for
the consistent deposition of a single-phase VO2(M). However, this portion of the effort will be
briefly mentioned rather than discussed in detail, as it is comparatively less novel than the results

presented throughout the bulk of this section.
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Figure 12: Diagram depicting the effect of the oxygen/argon ratio measured through a plasma emission monitoring
system on the crystal structure of the deposited VO2(M) and gun voltage and deposition rate during the sputtering

process. Thermochromic VO2(M) was observed in a precise gas ratio regime.
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Highly oriented single phase VO2(M) films were found to be repeatably deposited on
both silicon (Si) and fused silica (FS) substrates in a narrow O2/Ar working gas ratio regime, as
illustrated in Figure 12. This window corresponded to an oxygen flow of 1.1 to 1.3sccm or 10-
13% of the total flow. Of note is that the voltage of the plasma decreases below the VO2(M)
window and then increases as oxygen is increased. This is related to both the gas composition of
the plasma and formation of an oxide film on the vanadium target [99]. The VO2(M) window is
also in the range where the vanadium target is starting to poison as evident by the decrease in
deposition rate [60]. Above this oxygen window ratio, deposited films displayed gradients of

VO2(M) and VO2(B) or were completely VO2(B) as characterized by XRD.

4.2 Surface Morphology and Crystal Structure

After a O/Ar working regime had been achieved to repeatably achieve thermochromic
VO,, films were deposited with and without doping on a variety of substrates at similar
thicknesses to understand the effects substrate material and doping would have on surface
morphology, crystal structure and optical transition quality. All of this was down with the goal of
achieving quality thermochromic VO; films in a VEM design. Table 2 provides an example of

the VO- films deposited in this study.

Table 2: VO, depositions at varied thickness and doping on a variety of substrates

Sample Thickness Substrate 1 Substrate 2 Doping
Film 1 65nm Silicon Fused Silica Undoped
Film 2 60nm Silicon a-Si Spacer Undoped
Film 3 60nm Silicon a-Si Spacer 1.2 at.% Mo
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SEM scans of a VO Film 1 deposited on a silicon substrate display dense and close
packed structure with an average grain size of 50nm (Figure 13). For magnetron sputtered films,

this grain size has been related to high transition amplitudes [65].

100nm 9/30/2023
SEM WD 4.3mm

Figure 13: 50kx SEM scan of VO deposited on Si Substrate. An average grain size of 50nm was calculated from

the image.

An average grain size of 50nm was also achieved for VO Film 2 simultaneously
sputtered on to a silicon substrate and an a-Si sputtered spacer layer as part of a VEM (Figure 14,
A & B). It can be interpreted that the grain size is likely thickness and process dependent and
independent of the substrate difference between <100> oriented Si wafer and a-Si sputtered film.
VO, Film 3 with 1.2% Molybdenum doping simultaneously sputtered on a silicon substrate and
sputtered a-Si spacer layer also displayed an average grain size of 50nm (Figure 14, C & D). The
molybdenum doping does not have an observable structural effect on the grain size or

compactness of the film.
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Figure 14: 50kx SEM scan of A) VO on Si B) VO3 on a-Si Spacer C) V1xWxO; films on Si D) V1xWxO; films on

a-Si Spacer. An average grain size of 50nm was calculated for all VO, films.

As illustrated in Figure 15, the X-ray diffraction (XRD) scans of VO Film 1 deposited
on both fused silica and silicon substrate reveal a well-defined crystal structure with a prominent
peak at 27.9°, corresponding to the (011) plane of VO2(M). This observation is consistent with
previous research findings [49, 53]. Additionally, all other peaks observed in the XRD patterns

correspond with the VO2(M) phase, confirming the phase purity of the films.
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Figure 15: XRD patterns from VO film deposited on silicon and fused Silicon substrates at 500°C with thickness
of 70nm. All peaks correspond to VO,(M).

The structural transition of VO2 Film 1 on a silicon substrate from the insulating to metallic

between 65 °C to 75 °C is depicted in Figure 16. The VO2 monoclinic lattice (011) at 27.9° peak
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Figure 16: XRD patterns of VO Film 1 taken at 65°C, 70°C and 75°C. The Peak transition from 27.9° to
27.6° shows a transition from (011) VO2(M) to (110) VO2(R) respectively.
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transitions to the VO rutile lattice (110) peak at 27.6°. This confirms the VO film is undergoing
a structural transition. After the films were structurally characterized and confirmed to be
thermochromic VO2(M) and to behave similarly across varied substates, the optical properties of

the VO, were studied.

4.3 Optical Properties

The optical properties of VO: films were investigated with the aim of evaluating their
suitability in a VEM design. Transmittance changes were measured to determine the transition
amplitude, a critical parameter that needs to be maximized for effective VEM use. Additionally,
the transition temperature and hysteresis were measured to gain insights into when the films
would undergo a complete optical transition, transitioning from an insulating to a metallic state

and back.

As depicted in Figure 17 (left), VO2 Film 1 on FS, exhibits a substantial decrease in
transmittance in the near-infrared (NIR) range when the VO film transitions from cold
insulating to hot metallic. Film 1 displays a transition ratio change of 83%, transitioning from
70% transmittance to 12% transmittance at 2500nm. In Figure 17 (right), the same VO film is
characterized by an optical transition midpoint at 64°C and a hysteresis width of 10°C. This
information provides important characterization of the material's optical behavior during its

transition from the insulating to the metallic state and vice versa.
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Figure 17: (Left) UV/VIS/NIR transmission spectrum of VO on FS substrate in insulating (Cold) and metallic state

(Hot). (Right) Hysteresis of VO, transmittance at 2500nm on FS substrate upon heating and cooling

VO2 Film 1, when sputtered onto a silicon substrate, exhibits a substantial 80% transition

ratio change in transmittance 5um, as demonstrated in Figure 18. The drop in the transmittance

with increased wavelength as well as the large spectral features are due to the silicon substrate

[93]. This remarkable ability to switch in the infrared (IR) region affirms the potential suitability

of this VO material for use in a Fabry-Perot cavity VEM design.
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Figure 18: FTIR transmission of VO, sample on silicon in insulating (Cold) and
metallic state (Hot). Spectral features are largely due to absorption bands in the silicon

substrate.

Refractive indices of VO, extracted from ellipsometry spectra in both the UV/Vis/NIR
and IR are presented in Figure 19 & 20. Film 1 and 2 (both VO, on Si substrate) were both
measured in the cold insulating state at 25°C and in the hot metallic state at 100°C to ensure
complete phase transition. This data was fitted together in WVVASE software (J.A. Woollam) to
an optical model consisting of a single side polished silicon substrate, native oxide and VO2
layer. Thickness (t), refractive index (n) and the extinction coefficient (k) of the VO films were
evaluated from the model. Film 1 and Film 2 were fit with thicknesses of 65nm and 60nm
respectively. The optical constants of Film 1 and Film 2 are nearly identical and play a crucial
role in explaining why the reflection, absorption and thus transmission of the VO film changes
when transitioning from the insulating to metallic state. The optical constants obtained in this
study are in good agreement with previous research on VO3 films[6, 50]. This consistency
underscores the importance of the design of the VEM and confirms that the VO films used in

the study are of consistent and regular quality.
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increase with wavelength as the VO- films turns metallic. This is characteristic of a metallic film.

Past the 2.5um wavelength, the refractive index (n) and extinction coefficient (k) both

The refractive index (n) and extinction coefficient (k) of the 25°C insulating film have

significant IR features at 17, 20 and 25um. These have been associated to the strong vibrational

resonances from oxygen atoms in the VO film[100]. These absorption peaks in (k) are likely to

show up in VEM when an enhancement layer is applied.
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Figure 19: Extracted refractive indices of VO, Film 1 in (Left) UV/Vis/NIR (Right) IR
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Figure 20: Extracted refractive indices of VO, Film 2 in (Left) UV/Vis/NIR (Right) IR
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4.4 Doping of Vanadium Oxide Films

Ideal VEM designs will likely require lower transition temperatures to maintain stable
temperatures for a variety of applications. Doping was studied with the goal of lowering the
transition temperature deposited VO closer to 30°C while considering the dopants effect on

transition amplitude and hysteresis.

VO2(M) doped films were deposited on Fused Silica by the co-sputtering of vanadium
with either tungsten, titanium, or molybdenum. Results of the XPS scans of the of the doped VO

are presented in Table 3.

Table 3: Atomic Percentages in VO, film calculated from XPS

Sample \ @) W Ti Mo Ar

70nm VO, Tungsten Doped 33.2 65.1 1.1 0.6
70nm VO, Doped 31.6 65.3 2.2 0.9
40nm VO, Molybdenum Doped 33.6 63.7 1.2 1.5

The inclusion of 1.1 at% of tungsten atoms within the VO; film caused a reduction in the
transition temperature, falling below the measurable range of the transmission measurement
system, as depicted in Figure 21 (A). This suggests that the dopant effect exhibited by this film

exceeds the 23°C/at% reported in other sources [49].

Introduction of 2.2 at% of titanium into the VO2 film resulted in increased transition
temperature to 68°C and a decrease of the hysteresis width. This agrees with previous studies
[101, 102]. Reduction of the hysteresis width is advantageous for increasing the sensitivity of the

optical response to temperature.
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Figure 21: Temperature Dependent Transmission Spectroscopy at 2.5um of VO; films with A) 1.1at% tungsten

doping B) 2.2at% titanium doping C) 1.2at% molybdenum doping

The introduction of 1.2% molybdenum doped films decreased the transition temperature
to 48°C. The decrease in transition temperature effect of 13.3°C/at% molybdenum is comparable

to previous studies[62, 63]. The hysteresis width is unaffected by the doping.

Because the doping effects of molybdenum was successfully measured, it was chosen
instead of tungsten to be employed in creating a VEM with a lower transition temperature. The
benefits of titanium doping are evident as well. Titanium doping can enhance VO; film
sensitivity to temperature, and it holds potential for incorporation into future VEM designs,

possibly in conjunction with molybdenum as a co-dopant.
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4.5 Fabricated Variable Emissive Multilayers (VEMS)

Variable Emissive Multilayer (VEM) designs that integrate VVO2 can achieve both low
emissivity at low temperatures and high emissivity at high temperatures. This study’s objective
was to construct several of these designs, varying VO: film thickness and spacer materials, with
the aim of maximizing Ae (the change in emissivity) and evaluating the alignment between the

experimental results and theoretical models.

Silicon dioxide (SiO) was the first spacer layer in a VEM experimentally explored in this
study. VO3 thicknesses of 45nm, 60nm and 80nm were sputtered on top of 2000nm SiO. spacer
and 200nm silver reflector, to study the effect of the VO thickness in the VEM design and
compare it to the Fabry-Perot resonance theory. Mid-wave-infrared (MWIR) reflectance spectra
measurements of the multilayers at 30°C and 100°C as well as the calculated hemispherical

emittance change are displayed in Figure 22.

As illustrated in Figure 22, in the cold (30°C) insulating and transparent state of the VO,
all the multilayers act as IR reflectors except in the prominent absorption bands of SiOz near 10,
12 and 22um [103]. Another absorption feature at 17um appears to increase with the thickness of
the VO2 and can be correlated to the VO, absorption feature seen in the ellipsometry studies. At
100°C the VO3 is metallic and the multilayer exhibits low reflectance due to the high absorption
of the VEM due to Fabry-Perot resonant cavity. The hemispherical emittance change (Ae) has
been computed for each design and is presented in Figure 22. The highest emittance change
observed is 0.48 for a 45nm VO topping layer, while the lowest emittance change is 0.28 for an

80nm VO topping layer.
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Reflectance

The increase in VO thickness from 45nm to 80nm leads to a noticeable enhancement in
the reflection spectrum when the VO is in its metallic state. This alteration directly influences
the computed hemispherical emittance, which is observed to decrease as the VO thickness

increases. This phenomenon aligns with the principles of the Fabry-Perot theory and the models

discussed in Section 2.6.
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Figure 22: Diagram of Variable Emissive Multilayer composed of a silver bottom reflector, SiO, spacer and a
topping VO, with varying thickness of VO, layer. Reflectance spectra of VO with varying thicknesses of (A) 45nm
(B) 60nm (C) 80nm. Measurements were taken at 30°C and the 100°C.The change in total hemispherical emittance

from 300K to 375K is reported on the graph for each sample.
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As shown in Figure 22A, the hemispherical Ae achieved for the 1000nm SiO2 spacer and
45nm VO is 0.48. When only the near normal incidence reflection curves of this VEM are
considered for the calculation of emittance change, a normal Ae = 0.54 is achieved with a €}, =
0.22 at 30°C and ey = 0.76 at 100°C. The discrepancy between the normal and hemispherical
emittance Ae demonstrates how reporting normal incidence leads to an overestimation of actual
performance, which is directly related to hemispherical Ae, as it doesn’t account for angular

dependence of the multilayer design.

VEMs employing SiO; as a spacer layer face limitations in achieving the lowest possible
emissivity in the cold state (e;, ~ 0.2) due to the absorption of SiO: in the infrared (IR) region.
Because of this the maximal attainable Ae is constrained. A spacer layer is proposed, featuring
negligible absorption characteristics in the infrared (IR), specifically silicon.

Thin amorphous silicon does not have any prominent absorption bands in the 5-25um IR
region and so was experimentally studied in the second round of VEM devices. Using thin film
design software (TFCalc), a thin multilayer stack design was optimized to achieve a low
reflectance with a broad Fabry-Perot resonance peak at 9um when VO is the metallic state.
Initial experiments failed due to diffusion reactions between the silicon spacer and bottom silver
reflector during the heated VVO2 deposition. The design was then modified to feature a silicon
nitride barrier layer placed between the sputtered silver and sputtered a-Si. Subsequent
experiments proved that silicon nitride is an effective diffusion barrier between silicon and silver
at temperatures required for depositing VO2(M) [104].

The optimized design was calculated to achieve a normal Ae value of 0.55 with a 200nm
silver reflector, a 50nm silicon nitride barrier layer, a 500nm silicon spacer layer and a 25nm

VO, topping layer. Optical constants for the VO, were modeled from the experimentally
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deposited 60nm VO presented in section 4.3. The VEM was fabricated to achieve this design
and experimental MWIR reflectance spectra was taken and compared to the model as illustrated

in Figure 23. The normal Ae of the fabricated VEM was measured to be 0.44, significantly less

than the modeled value of 0.55.
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_ AdhesionLayer
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Reflectance

—— Measured - 30C
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5 10 15 20
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Figure 23: (Left) Diagram of radiator stack (Right) Modeled and Experimental reflectance spectra of 25nm VO, on
a 500nm Si spacer VED at cold (30°C) and hot (100°C). Reflectance modeled in TF calc is also plotted.

To investigate the disparity between the experimental and modeled Ae values, consider
Figure 23. When examining the reflectance spectrum from the left side, note that the
experimental quarter-wavelength interference peak at approximately 3 pum is shifted compared to
the simulated peak at 2.65 um. This observation leads to the conclusion that the experimental
silicon spacer thickness is closer to 600nm, which is larger than the targeted 500nm silicon

spacer as modeled in Figure 23. However, updating the model to incorporate a 600nm spacer
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only results in a marginal decrease in the normal Ae to 0.54, indicating that the spacer thickness

is not the primary cause of the deviation.

At a temperature of 30°C, both the modeled and experimental VEM exhibit an absorption
feature near 8 um to 9 um respectively. However, the experimental VEM absorption at Qum is
significantly larger and thus an impact on the device's ability to achieve its optimized Ae. In the
modeling software TFcalc, this absorption feature appears with and without the presence of a
VO or silicon nitride layer. The feature also moves with adjusted silicon thickness so it has been
determined to be a very weak Fabry-Perot resonance following Equation 6, as the interface
between silicon and air (n = 1) serves as a weak top reflector [78]. In the experimental data, the
prominent absorption feature at 9 pm manifests in reflection measurements of the silicon spacer
on a silver reflector even prior to the application of VO.. This occurrence suggests a plausible

connection to the presence of oxygen within or on the amorphous silicon layer.

At 100°C in Figure 23, the experimental results reveal a decrease in reflectance
associated with the Fabry-Perot resonance peak at 9 um. However, the observed resonance width
in the experimental VEM is narrower than what was expected from the model. The most
substantial factor contributing to the disparity between the modeled and experimental Ae value is
this difference in resonance width. This mismatch can be attributed to a variation in optical
constants between the 25nm metallic VO2 used in the experiment and the modeled VO, which
relied on optical constants obtained from ellipsometry performed on a 60nm VO, sample.
Unfortunately, the optical constants of a 60nm VO. film do not accurately represent the optical
constants of a 25nm thickness due to structural defects, film stress, and strain as discussed in
Section 2.3. Recognizing the constraints within the models and optimization of this study is

essential for advancing the development of VEMs with maximized Ae.
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Next the transition temperature of silicon spacer VEM with a 60nm VO topping layer
with and without 1.2at% Mo doping was studied with goal of lowering the transition temperature

of the doped VEM while comparing the Ae to the undoped VEM.

The undoped VVO- displayed a transition temperature between 60°C and 65°C as
illustrated in Figure 24. This is matching the transition temperature of previous 60nm VO
deposited on fused silica and silicon. The measured experimental normal Ae is 0.43. Unlike the
previously discussed VEM, this is comparable to the modeled value of Ae = 0.41. The model
better represents the experimental data in this VEM design because optical constants of the

modeled 60nm VO. are more accurate to the experimental 60nm VO..
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Figure 24: Reflectance spectra at varied temperatures of Si spacer VEM with a 60nm VO, top layer

The VEM with a VO topping layer containing 1.2% Mo doping displays a significantly
lower transition temperature below 40°C (Figure 25). The exact midpoint cannot be confirmed as

the measurement setup was not able to reach cold enough temperatures (<15°C) to confirm a

47



stable insulating state. The Mo doped VEM transitions from 15°C or lower to a fully metallic
state at 50°C. This transition range is much greater than the undoped sample which fully
transition between 50°C to 65°C. From 15°C to 50°C, the Mo doped VEM is calculated to have a
normal Ae = 0.35 but a true Ae from a fully insulating to metallic state could not be calculated

with the data measured.
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Figure 25: Reflectance spectra at varied temperatures of Si spacer VEM with a 60nm V1xWxO, Top Layer.

In the experiments conducted, several VEM designs were successfully created, each
featuring varying Ae values. The thickness of the VO. layer and the choice of spacer material
was observed to have a significant impact on the achievable Ae. Additionally, doping was found
to reduce the transition temperature. Notably, limitations were identified in the modeled VO-
properties due to thickness-dependent optical constants. The three-layer VEM design, consisting
of a reflector, spacer, and VO: layers, demonstrated its capability in achieving a high Ae value.
However, the next objective was to investigate whether software optimization could further

enhance this design beyond three layers.
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4.6 Optimization of Design

TFcalc effectively optimized the thickness of a three-layer design using predetermined
materials. The subsequent objective was to expand this optimization to include not only
thickness but also the selection of materials and the number of layers in the design. A genetic
optimizer was developed in MATLAB for this optimization.

The optimization of the 3-layer VEM design was initially performed using MATLAB's
robust numerical solvers and optimization algorithms. The goal was to finely adjust the
multilayer structure with the objective of maximizing the change in emissivity. The optimization
process began with a predefined structure, which had already undergone experimental testing
and demonstrated strong correlation with modeled designs due to the VO_ optical constant’s

thickness dependency.
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Figure 26: Simulation of 60nm VO layer on 500nm Si with (left) angular emissivity vs wavelength with metallic VO,
(middle) angular emissivity vs wavelength with insulating VO, (right) difference in angular emissivity between states.

A normal 4e =0.41 is achieved
This initial structure comprised a silver reflector, a 500nm silicon spacer, and a 60nm
VO, topping layer. Figure 26 illustrates the absorptivity (1 — R(6, 1)) as a function of both
wavelength and angle for the stack design. The left and middle plots represent the absorptivity

for the structure when the VO layer in its metallic and insulating states, respectively. The
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corresponding emittance values for each state (e = 0.47, €, = 0.06) are displayed above the
plots and are calculated using Equation 7.

In the right plot, the wavelength, and angular dependencies of the difference in
absorptivity between the two states are shown. Above the plot is displayed the change in
emittance (Ae), which is calculated using Equation 7. This calculated Ae = 0.41 matched that
achieved in TFCalc providing confidence in the MATLAB modeling.

The optimizer was subsequently given the flexibility to introduce a single layer composed
of various materials as a topping layer above the VO- layer. The systematic adjustment of the
thickness of this layer aimed to achieve the maximum Ae (change in emissivity) between a
configuration containing metallic VO, at 375K and one with insulating VO at 295K.
Consequently, a resulting optimized design successfully achieved a normal Ae value of 0.65 by

incorporating a 611nm thick silicon topping layer, as depicted in Figure 27.
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Figure 27: Simulation of 60nm VO layer on 500nm Si with optimized single topping layer of 611nm Silicon (left)
angular emissivity vs wavelength with metallic VO, (middle) angular emissivity vs wavelength with insulating VO-

(right)difference in angular emissivity between states. A normal Ae =0.65 is achieved
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di =50 nm

Next, the optimizer was empowered to add multiple layers on top of the VO layer, again
enabling material choice and thickness adjustments. The optimized design achieved a normal Ae
value of 0.79 by incorporating an enhancement stack of 600nm silicon layer followed by 900nm

BaF> and a top layer of 79nm silicon, as depicted in Figure 28.
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Figure 28: Simulation of 60nm VO, layer on 500nm Si with optimized multilayer of 600nm Si, 900nm BaF2, 79nm
Si (left) angular emissivity vs wavelength with metallic VO, (middle) angular emissivity vs wavelength with

insulating VO (right) difference in angular emissivity between states. A normal 4e =0.79 is achieved
Ultimately, the optimizer had the freedom to modify not just the initial silicon spacer's
thickness and material composition, but also the thickness of the VO layer during both single
and multiple topping layer optimizations. In the case of single topping layer optimization, the
optimizer opted once more for silicon as both the spacer and enhancement layer material. By
setting the silicon spacer thickness at 443nm, the VVO- layer thickness at 47nm, and introducing a
silicon topping layer with a thickness of 562nm, a normal Ae of 0.69 was attained as depicted in

Figure 29.

During the multiple topping layer optimization, the optimizer chose a silicon spacer with
a thickness of 505nm, a VO layer with a thickness of 47nm, and introduced a three-layer

topping structure consisting of 504nm of silicon, 897nm of BaF2, and 87nm of silicon. This
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configuration achieved a remarkable and record-setting normal Ae of 0.81 as depicted in Figure
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Figure 29: Simulation of 47nm VO layer on 553nm Si with optimized single topping layer of 611nm Silicon (left)
angular emissivity vs wavelength with metallic VO (middle) angular emissivity vs wavelength with insulating VO3

(right) difference in angular emissivity between states. A normal 4e =0.69 is achieved
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Figure 30: Simulation of 47nm VO- layer on 505nm Si with optimized multilayer of 594nm Si, 897nm BaF2, 87nm
Si (left) angular emissivity vs wavelength with metallic VO, (middle) angular emissivity vs wavelength with

insulating VO (right)difference in angular emissivity between states. A normal 4e =0.81 is achieved

The enhancement layers have successfully augmented absorption, thereby enhancing
emissivity in the high-temperature metallic VO, VEM state, while maintaining the emissivity in
the low-temperature insulating VO. VEM state near its original levels. This enhancement occurs

due to a widening and amplification of the Fabry-Perot resonance peak, producing what this

52



study terms ‘broadband enhanced resonance.’ This phenomenon is clearly demonstrated in the

reflectance graph presented in Figure 31.
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Figure 31: Modeled Reflectance of optimized VEM structures in the VO, metallic mode.

The ‘broadband enhanced resonance’ effect is attributed to the heightened normalized
electric field within the VO layer. This distinction is evident in Figure 32, which illustrates the
squared normalized electric field intensity (£2) against wavelength within the VO layer,
comparing VEM with and without enhancement layers. The normalized electric field intensity
(£?) was calculated in TFCalc. It is observable that the enhancement layers significantly amplify
the electric field over a wide range of wavelengths. The amplification of the electric field in an
absorbing layer increases the magnitude of absorbed energy in the layer, as shown in Equation

11.

53



035 r

03 |

Normalized Electric Field (Squared)

025 |
02 |
015 |
01 |

005 |

Si/BaF2/Si/V02/Si/Ag
Si/VO2/Si/Ag
VO2/Si/Ag

5 10 15 20 25
EFl Wavelength (um)

Figure 32: Normalized Electric Field in metallic VO layer of optimized VEM structures.

It is postulated that the enhancement layer compresses the electric field further into the

VO layer, thus amplifying the electric field inside the VO layer. In Figure 33, the plot of the

squared peak of the normalized electric field (£2) at 10.5 um versus the position in the VEM can

be observed, comparing configurations with and without enhancement layers. The enhancement

layers serve to heighten the electric field not only within the VO layer but also within the silicon

spacer layer.
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Figure 33: Diagram depicting Normalized Electric field versus the position inside of VEM of different enhancement layer

stacks. The electric field was calculated at 10.5um.

To summarize, the absorptance calculated from Figure 31 and the average £2 in the VO,
calculated in Figures 32 and 33 at 10.5 pum are compared in Table 4. The improvement in the
absorptance of the VED from the enhancement layers directly matches the improvement in the
average €2 inside the VO layer due the enhancement layers. This is not only true for 10.5 pum
but for all wavelengths between 5 pum through 25 pum. The increased Ae of the optimized VEM
designs, due to ‘broadband enhanced resonance’ effect of the enhancement layers, is directly

caused by the heightened normalized electric field within the VO layer.

Table 4: VED absorptance compared to the average normalized electric field squared in VO layer.

Design Absorptance at % Average €2 in %
10.5 pm Improvement | VO at 10.5um | Improvement
0.625 0.156
Si/VO2/Si/Ag 0.800 28.0% 0.198 26.9%
0.950 52.0% 0.235 50.6%
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4.7 Experimental Enhanced Broadband Resonance Layer

The optimization of the VEM design predicted that the addition of a few topping layers
of the right material can create a broadband enhanced resonance and significantly increase the
theoretical Ae to some of the highest values ever reported. The final step in this project was
fabrication of a VEM with a topping layer to achieve the predicted broadband enhanced
resonance behavior. 600nm of silicon was sputtered onto a previously fabricated VEM design of
500nm silicon spacer and 60nm VO>. The reflectance measurement of this multilayer is

presented in Figure 34 and compared to the modeled data of the multilayer.

Refl

5 10 15 20 25
Wavelength (um)

Figure 34: Simulated and Experimental Reflectance Spectra of Si enhancement layer on top of a VO, radiator

design with a Si spacer layer.

At 100°C, the enhanced VEM exhibits a noteworthy broadband absorption pattern, in line
with modelled predictions. The enhanced broadband resonance feature is observed starting from
7 um all the way to 22 um. This represents a substantial improvement from the VEM of the
same design lacking an enhancement layer, demonstrated back in Figure 23, which only showed

a peak resonance at 9 um. Because of the enhanced broadband resonance, the emissivity of the
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enhanced VEM at 100°C €y is 0.74. This is a 35% improvement as compared to the emissivity

of VEM design at 100°C lacking the enhancement layer, e = 0.55.

Nonetheless, deviations from the model data persist in both the heated and unheated
states, resulting in a diminished improvement to Ae. The emissivity’s of both the cold insulating
and hot metallic phase of the experimental VEM compared to the modeled VEM are presented in
Table 5. The model initially predicted a normal Ae of 0.65 for the enhanced VEM. This would
mark a 58% improvement over the normal Ae of VEM without an enhancement layer. In the
experimental data, a normal Ae of 0.50 was measured for the enhanced VEM. This represents a
16% improvement over the experimental normal Ae value of fabricated VEM lacking an

enhancement layer.

The experimental Ae of 0.50 differs by 0.15 from the modeled Ae of 0.65. Table 5 and
Figure 34 demonstrate that a portion of this Ae difference, specifically 0.03, can be attributed to
discrepancies in the hot metallic phase (ey). This is influenced by the lower reflection between 8
pm and 13 um in the modeled VEM. The primary source of the Ae discrepancy, amounting to
0.12, stems from the variation in €;, within the cold insulating phase. Figure 34 indicates that the
experimental reflection is consistently lower than the modeled reflection from 6 pum to 25 pum,
representing the significant disparity in €;,. The higher broadband absorption in the cold
insulating phase of the experimental device is the main cause of Ae disparity between the

experimental and modeled enhanced VEM.
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Table 5: Emissivity at 300K and 375K of modelled and experimental enhanced VED

€1, (300K) €y (375K) Ae =€y - €,
Model 0.14 0.79 0.65
Experimental 0.26 0.76 0.50

Several factors may explain the observed discrepancies from the model. First is the
confinement of VO, between two layers. Topping layers have been reported to limit stress
relaxation of VO2 due to geometrical confinement, potentially lowering the VO transition
temperature [105, 106]. If the cold insulating phase was already mid transition to the metallic

phase, it would explain the lowered reflection as compared to the model.

To investigate this hypothesis, reflectance measurements were conducted on the
enhanced VEM while varying the temperature from 30°C to 75°C, as shown in Figure 35.
Interestingly, the VO within the enhanced VEM does not exhibit a transition to the metallic
phase until reaching temperatures between 60°C and 65°C, mirroring the behavior of the VEM
lacking an enhancement layer. This is a standard temperature transition range for undoped VO
and suggests that geometrical confinement may not be a significant factor influencing the

transition properties of VO..
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Figure 35: Reflectance spectra at varied temperatures of VEM with an enhancement layer

While it can be inferred that our enhanced VEM may not be in a mid-transition state
within the cold insulating phase, it remains evident that the primary cause of the underachieved
Ae is the absorption in this phase. This may be due to absorption within the silicon due to the
presence of oxygen. Not only are we doubling the thickness of sputtered a-Si in the device with
the enhancement layer but the enhanced electric field in silicon spacer would increase pre-

existing absorption effects.

Another consideration is increased absorption in the cold insulating VO2(M) due to
sputtering of the silicon enhancement layer. This include the possibility of interfacial effects and
interdiffusion when silicon is deposited onto VO, potentially leading to increased absorption at
lower temperatures, consequently limiting tunability [87, 89]. In previous studies, researchers
utilized SiO: as a barrier layer on VO2 when applying a silicon layer on top [87]. Another
conjecture is that irradiation damage might have occurred at the surface of the VO during the

sputtering process for the silicon topping layer, as sputtering is an energetic process that could
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have affected the stoichiometry or crystallinity of top VO: layers. Past research has demonstrated
that thermochromic VO2 can become amorphous due to ion bombardment [107]. To replicate the
simulated results’ Ae performance in the experimental device, it is likely essential to have both a
protected VO film and sputtered silicon layers without the presence of oxygen to limit

absorption in the cold insulating phase.

In conclusion, Figure 36 illustrates the observable experimental impact of the silicon
enhancement layer. For the experimental 25nm and 60nm VO topping layer VEMs, a narrow
resonance peak passing below 20% reflectance is only observed near 9 um and 10 pm
respectively. For the experimental VEM with the enhancement layer, the resonance and low
reflectance is broadband. The presence of the silicon enhancement layer results in a significant
improvement in absorption and, consequently, an increase in the emissivity of the VEM within

the 12-25 pm wavelength range.

Reflection %

Wavelength (um)

Figure 36: Reflectance spectra of experimental radiator devices with different VO, thickness and enhancement

layer in metallic state.
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5. Conclusion and Future Work
VO was studied and synthesized with the goal of creating a variable emissive multilayer
(VEM) utilizing the phase transition of VO to achieve high emissivity at high temperature and

low emissivity at low temperatures.

Thin films of highly oriented single phase VO>(M) were successfully synthesized on a
variety of substrates via magnetron sputtering deposition. Sputtered VO- films exhibited an 80%
decrease in the transmittance in the NIR at 64°C as they transitioned from cold insulating
VO2(M) to hot metallic VO2(R). This switch in the NIR affirmed a potential suitability for VEM
use. UV, Visible and IR optical constants of a 60nm VO: film in both the insulating and metallic
phase were measured with ellipsometry. The optical constants were then used for VEM modeling

throughout the rest of the study.

Doping of VO was studied with the goal of lowering the transition temperature.
Introduction of molybdenum to VO by co-sputtering was shown to lower the transition
temperature by 13.3°C/at%. Introduction of tungsten was also measured to lower the transition
temperature. Titanium doping was exhibited to increase the transition temperature and decrease
the hysteresis width. It would be beneficial for future work to investigate the possibility of
introducing multiple dopants to the VO2 film with the goal of decreasing hysteresis width and

transition temperature simultaneously.

A VEM utilizing a silver reflector, 1000nm SiO> spacer and 45nm VO, topping layer was
measured to achieve a hemispherical emittance change (Ae) of 0.48 from 300K to 375K. The
SiO; spacer displayed limitations in its use for maximizing Ae due to its high absorption features.

Because of this, silicon was studied as an alternative spacer material.
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An experimental VEM, incorporating a silver reflector, a 500nm silicon spacer, and a
25nm VO topping layer, yielded a normal Ae of 0.44. Notably, this result deviated significantly
from the modeled value of 0.55. The observed contrast between the experimental and modeled
outcomes was attributed to the presence of oxygen in the sputter silicon spacer layer.
Additionally, it was determined that the thickness-dependent nature of the optical constants of
VO, played a role in this discrepancy. The optical constants measured for a 60nm VO3 film were
found to be unreliable when applied to a 25nm VOq film. It is recommended that future research
investigates the optical constants of VO across various thicknesses to gain insights into the
evolution of both the refractive index (n) and extinction coefficient (k) with changing film

thickness.

An experimental VEM, incorporating a silver reflector, a 500nm silicon spacer, and a
60nm VO: layer, exhibited a normal Ae of 0.43 and demonstrated a transition temperature
between 60°C and 65°C. The proximity of the experimental Ae to the modeled value of 0.41 can
be attributed to the use of a 60nm VO film in the experimental setup, which more accurately
represented the modeled optical constants of a 60nm VO on a silicon substrate. The
incorporation of 1.2% molybdenum into the VO top film resulted in a decrease in the transition
temperature of the VEM. However, accurate measurements of both the transition temperature
and Ae were hindered by the limitations of the measurement setup, which could not reach
sufficiently low temperatures. Given the significance of reducing the transition temperatures of
VVO»-based VEMs for real-world applications, future efforts should focus on developing a cold
stage that enables precise measurements of transition temperature and Ae at sub-300K

temperatures.
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A MATLAB optimizer was employed to maximize the achievable Ae in a simulated
VEM by introducing enhancement layers on top of the VO2 layer. The optimizer successfully
attained a normal Ae of 0.69 with the incorporation of a single silicon enhancement layer on top
of a VEM comprising a silicon spacer and a 47nm VO2 film. Further improvement was achieved
by adding a 3-layer topping structure consisting of Si-BaF2-Si to the Ag-Si-VO2 VEM, resulting
in a groundbreaking theoretical normal Ae of 0.81. This enhancement is attributed to the
widening and amplification of the Fabry-Perot resonance peak, creating what this study terms a
'broadband enhanced resonance.' The enhancement is concluded to stem from an increase in the

electric field within the VO- layer, as it is directly correlated to the absorption of the VEM.

An experimental demonstration featured a VEM with a silicon spacer, a 60nm VO layer,
and a 600nm silicon enhancement layer on top. The device exhibited a notable normal Ae of 0.50
and showcased an enhanced broadband resonance in the hot metallic phase. This enhancement
resulted in a remarkable 35% improvement in emissivity compared to the device lacking the
silicon enhancement layer. This represents a substantial advancement in VEM design, and to the
best of the author's knowledge, it marks the first reported experimental results of an enhancement

layer.

The experimental enhanced VEM fell short of achieving the simulated normal Ae of 0.65.
This shortfall was attributed to absorption in the silicon layers, likely due to the presence of
oxygen. Additionally, the degradation of the VO, layer following silicon sputtering on top
contributed to the discrepancy. This underscores the critical importance of having accurate
models for the silicon spacer material in this study. To address these issues, future research
should involve IR ellipsometry measurements of the sputtered silicon material. Efforts should

also be directed towards reducing oxygen presence in the silicon film to minimize absorption.
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Furthermore, considering the potential degradation of the VO, film, a protective layer may be
necessary before applying the enhancement layer. This protective layer would safeguard the VO
from degradation caused by ion bombardment or interdiffusion, which is crucial for minimizing
absorption in the cold insulating phase and maximizing Ae. This work is crucial before further

enhancement layers such as BaF2 can be faithfully explored.

In conclusion, a powerful new design has been illuminated in this study to significantly
improve the Ae of VO based variable emissive multilayers. The use of enhancement layers to
achieve enhanced broadband resonance in the VO2 VEM design not only have the power to
significantly improve Ae of the devices but will empower high Ae as VEM designs move to

lower transition temperatures due to the broadband resonance.
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