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ABSTRACT 

This research focuses mainly on employing tunable materials to achieve dynamic 

radiative properties for spacecraft and building thermal management. A secondary 

objective is to investigate tunable materials for optical propulsion applications. The 

primary material investigated is vanadium dioxide (VO2), which is a thermochromic 

material with an insulator-to-metal phase transition. VO2 typically undergoes a dramatic 

shift in optical properties at T = 341 K, which can be reduced through a variety of 

techniques to a temperature more suitable for thermal control applications.  

A VO2-based Fabry-Perot variable emitter is designed, fabricated, characterized, 

and experimentally demonstrated. The designed emitter has high emissivity when the 

radiating surface temperature is above 345 K and low emissivity when the temperature is 

less than 341 K. A uniaxial transfer matrix method and Bruggeman effective medium 

theory are both introduced to model the anisotropic properties of the VO2 to facilitate the 

design of multilayer VO2-based devices. A new furnace oxidation process is developed for 

fabricating high quality VO2 and the resulting thin films undergo comprehensive material 

and optical characterizations. The corresponding measurement platform is developed to 

measure the temperature-dependent transmittance and reflectance of the fabricated Fabry-

Perot samples. The variable heat rejection of the fabricated samples is demonstrated via 

bell jar and cryothermal vacuum calorimetry measurements. Thermal modeling of a 

spacecraft equipped with variable emittance radiators is also conducted to elucidate the 

requirements and the impact for thermochromic variable emittance technology.  

The potential of VO2 to be used as an optical force modulating device is also 

investigated for spacecraft micropropulsion. The preliminary design considers a Fabry-
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Perot cavity with an anti-reflection coating which switches between an absorptive “off” 

state (for insulating VO2) and a reflective “on” state (for metallic VO2), thereby modulating 

the incident solar radiation pressure. The visible and near-infrared optical properties of the 

fabricated vanadium dioxide are examined to determine if there is a sufficient optical 

property shift in those regimes for a tunable device. 
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CHAPTER 1 INTRODUCTION 

1.1 Variable Emitters for Dynamic Thermal Management 

As space exploration goals grow more advanced, there is a critical need for variable 

heat rejection technologies to enable a diverse assortment of missions. The international 

space station and human spaceflight vehicles currently in development rely on dual loop 

thermal control architecture to take advantage of desirable transport properties for the 

external loop, while avoiding toxic fluids for the internal cabin loop [1]. Variable heat 

rejection radiators could potentially eliminate the need for dual fluid loop thermal control 

by preventing the freezing of transport fluids in the radiator during cold phase operation. 

Similarly, variable radiators could potentially see use in robotic missions as a means to 

reduce or eliminate the need for survival heaters [2]. To this end, several technologies to 

achieve variable heat rejection have been developed, including louvers [3], origami 

surfaces [4], shape morphing radiators [5], electrochromic radiators [6], [7], and 

electrostatic radiators [2]. Thermochromic coatings are an economical solution for 

spacecraft thermal control because, unlike the previously mentioned variable heat rejection 

strategies, they require no moving parts, no electrical input, and typically add a negligible 

amount of mass [8]. When the radiator temperature is high, the thermochromic coating will 

have high infrared emittance to promote the radiative cooling effect. On the other hand, 

when the radiator temperature is low, the thermochromic coating will have low infrared 

emittance to minimize radiative loss. This temperature-dependent behavior would permit 

the spacecraft to passively respond to changes in internal heat load or spacecraft thermal 

environment. 
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Thermochromic coatings are also desirable for dynamic building thermal 

management. On average the U.S. Department of Energy estimates that 10% of the total 

energy consumed nationwide in buildings is used for cooling, and 37% is used for heating 

[9]. The energy used to cool buildings can be significantly reduced by applying coatings to 

the exterior surfaces which have high emittance in the infrared spectrum, thereby 

promoting radiative cooling. Conversely, in cold environments, low infrared emittance is 

desired to reduce the thermal emission loss and minimize the required building heating. To 

achieve sub-ambient radiative cooling, the coating should emit selectively in the 

atmospheric window (8-13 µm), where the atmosphere is transparent and the surface can 

radiate to outer space. Photonic crystal structures have been used extensively to achieve 

spectrally selective radiative coatings for both static radiative cooling [10]–[14] and 

thermophotovoltaic applications (TPV) [15]–[17].  Selective absorption/emission can also 

be achieved with Fabry-Perot resonance cavities [18], [19], multilayers [20], nanoparticles 

[21] and metamaterials [22]–[24]. The coatings presented in the aforementioned studies 

are not designed to have temperature-dependent emittance and the corresponding variable 

heat rejection. A tunable radiative coating with variable emittance could help to reduce 

energy consumption in buildings by limiting heat loss in cold weather with low emittance 

or promoting heat dissipation in warm weather by selectively emitting heat within the 8 to 

13 µm atmospheric window to outer space. 

One passive way to achieve variable heat rejection is through thermochromic 

materials that change their optical properties based on temperature [8], [25]. One option is 

lanthanum strontium manganese oxide (LSMO), which is another well-studied 
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thermochromic material which transitions from a metal at low                                                      

temperatures to an insulator at high temperatures [26]. A weakness of LSMO is that it 

transitions over a very broad temperature range, so the optical property shift over the 

temperatures of interest is much smaller than that achieved with other thermochromic 

materials, such as vanadium dioxide (VO2). The large property shift of VO2 makes it 

uniquely promising for thermochromic variable emittance when incorporated into nano-

engineered radiative coatings. 

 

1.2 Radiation Pressure Modulation with Tunable Surfaces 

  Traditionally, solar radiation pressure has been considered as a detrimental force in 

spacecraft attitude control and micropropulsion; however, this dissertation work seeks to 

develop radiative coating technology which can take advantage of solar radiation pressure 

to provide efficient attitude control or micropropulsion for solar sailing and small 

spacecraft. Solar sail technology development is of interest to many space agencies 

worldwide due to the ability to use the energy of the incident photons to propel a spacecraft 

without the need for consumable fuel [27]. By varying the reflectivity of the exterior 

surface of the spacecraft, the momentum transfer to the spacecraft from the incoming 

photons can be changed, leading to a modulation in the radiation pressure incident on the 

surface, which can be used to steer the spacecraft or control the orientation [28]–[31]. The 

basis for this modulation in radiation pressure is that the photons impinging on a reflective 

surface will generate twice the momentum transfer as photons impinging on an absorptive 

surface [32]. Several technologies have been employed to modulate the solar radiation 
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pressure to achieve small torques capable of attitude control or orbit maintenance, 

including: reflective vanes [33], shape control [34], [35], actively controlled liquid crystal 

panels [8], [36], and other electrochromic coatings [37], [38]. Reflective vanes and shape 

control both require mechanisms and actuators to mechanically change the geometry of the 

surface that is exposed to solar radiation pressure. This requires increased mass and power 

in a spacecraft, which are often at a premium, especially on small science missions. Liquid 

crystals are designed to switch between specular and diffuse transmittance. When 

combined with a back reflector, the device switches between specular reflectance and 

diffuse reflectance, which yields a much smaller possible modulation in solar radiation 

pressure than a switch between absorptance and reflectance, or, ideally, a switch between 

reflectance and transmittance. Known for its large shift in optical properties upon phase 

transition, VO2 may have potential as a tunable material for optical force modulation 

devices. This dissertation work includes the design and analysis of thermochromic 

radiation coatings which can selectively vary their reflectance in the visible and near-

infrared spectra to deliver solar radiation pressure modulation. 

 

1.3 Tunable Properties of Vanadium Dioxide (VO2) 

VO2 undergoes a Mott phase transition from a monoclinic insulator to a rutile metal 

at 68 °C, exhibiting a corresponding shift in optical properties [39]. At temperatures below 

its transition, VO2 is a monoclinic insulator, whereas at temperatures above its transition 

the VO2 is a rutile metal. This shift can be taken advantage of to design a myriad of 

thermochromic devices such as smart windows [40]–[48], thermochromic infrared emitters 
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[49]–[51], and thermal rectifiers [52]–[54]. For example, Zheng et al. [55] designed and 

deposited a multifunctional TiO2/VO2(M)/TiO2(A) coating that can modulate its near-

infrared transmittance for smart window applications, while also providing anti-fogging 

and self-cleaning functions [55]. Long et al. demonstrated a VO2-based thermochromic 

double glazing for smart window applications [43]. Li Voti et al. [56] investigated 

multilayer VO2/copper stacks that can provide tunable emissivity in the 3-5 µm 

atmospheric window which is useful for infrared sensing applications such as IR camera. 

Rensberg et al. [57] designed and fabricated a metasurface based on spatially selective 

defect engineering phase transition VO2 which can act as a tunable emitter and polarizer. 

Long et al. [58] have fabricated thermally-switchable VO2 metamaterial infrared 

absorbers/emitters which have high emittance at low temperatures and low emittance at 

temperatures above the VO2 phase transition temperature. Although the metamaterial 

structure exhibits a substantial change in emittance, the high-to-low emittance change as 

the temperature increases is not desirable for radiative cooling. In addition to its 

thermochromic behavior, VO2 is also electrochromic, meaning that the phase transition can 

also be induced by applying a small voltage [59]. 

Given the broad range of applications for which VO2 can be employed, easy 

fabrication of high-quality VO2 thin films is essential for the continued development and 

advancement of these devices. VO2 thin films and nanostructures can be prepared using a 

variety of techniques, however, there exist significant challenges in fabricating 

stoichiometric VO2 since vanadium forms many different oxides and is sensitive to the 

conditions of the preparation method [47]. The most common physical vapor deposition 
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method is DC magnetron sputtering [47], [60]–[63], where pure vanadium or vanadium 

pentoxide (V2O5) is reactively sputtered with an oxygen/argon mixture. This technique 

requires careful control of the chamber conditions, including substrate temperature, oxygen 

and argon partial pressures, and power. Typically, VO2 is either sputtered at high substrate 

temperatures of 400-600 °C or is sputtered at lower temperatures and then subsequently 

annealed at 500-600 °C to improve the VO2 thin film crystallinity [64]–[67]. A significant 

challenge, and the focus of much research effort, has been reducing the substrate 

temperature and eliminating the need for high temperature post-deposition annealing while 

still maintaining quality thermochromism characteristics for the VO2 thin films. 

Recently Gagaoudakis et al. [60] used low-temperature RF sputtering to fabricate 

VO2 thin films on commercially available SnO2-coated glass with a substrate temperature 

of 300 °C. Chang et al. [68] also fabricated Cr2O3/VO2 bilayer coatings on quartz glass 

with magnetron sputtering at low temperature between 250 °C and 350 °C. Sun et al. [69] 

obtained high-quality VO2 thin films by sputtering at 250 °C without subsequent annealing 

by depositing on a V2O3 interlayer. In addition, Sun et al. [70] deposited single-crystal VO2 

thin films via magnetron sputtering at 300 °C without subsequent annealing by inserting 

ZnO and TiO2 layers between the VO2 thin film and substrate. Other techniques used to 

deposit VO2 include atomic layer deposition, which can be done at very low deposition 

temperatures (<150 °C), but requires a high temperature post-annealing step to achieve 

desired crystallinity [71]–[73], and pulsed laser deposition, which also generally requires 

high substrate temperatures [74]–[76]. Several wet chemistry methods are also commonly 

used to synthesize VO2 [77]–[79]. 
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Another significant challenge remaining for VO2-based thermal management 

devices is a reducing the transition temperature to a range that is acceptable for thermal 

control applications, generally near 300 K. Impurity doping with metals, particularly 

tungsten, is a commonly employed technique to reduce the VO2 temperature [80], [81]. 

Tungsten doping has been shown to reduce the transition temperature to around room 

temperature; however, the reduction is accompanied by a proportional decrease in the 

optical property shift. Another technique investigated to lower the VO2 transition is defect 

engineering, where the VO2 is irradiated by an Ar+ ion beam [57]. This technique can 

successfully reduce the transition temperature below room temperature, but the optical 

property shift is significantly decreased. Jiang et al. [66] demonstrated that the oxygen 

partial pressure during DC sputtering could have a significant role in reducing the VO2 

transition temperature. Liu et al. [67] similarly showed that the partial pressure of the O2 

during the post-anneal could also be used to tune the transition temperature of the VO2. 

These two techniques accomplished a much more modest decrease in the transition 

temperature, but did not have as detrimental an effect on the optical property shift. A major 

obstacle to the development of VO2-based variable emittance, where a room temperature 

transition (or lower) is typically required, is the need to reduce the transition temperature 

while retaining an acceptable shift in the optical properties.  

 

1.4 Primary Objectives of This Dissertation 

For the first topic included in this research, a thermal emitter consisting of a lossless 

dielectric spacer placed between a VO2 thin film and an opaque aluminum substrate is 
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developed with both wavelength-selective and temperature-modulated emittance. To this 

end, uniaxial expressions for the transfer matrix method and Bruggeman effective medium 

theory are developed and the theoretical performance and physical mechanisms of the 

proposed structure are explored in Chapter 2. Chapter 3 discusses the fabrication and 

comprehensive characterization of VO2 thin films, starting with the development of a new 

furnace oxidation process for fabricating high quality VO2 thin films. In Chapter 4, the 

fabrication process for the Fabry-Perot emitter and the optical characterization is discussed. 

Calorimetry-based thermal measurements for both room-temperature ambient and space 

simulated environments are presented in Chapter 4. In Chapter 5 systems-level thermal 

modeling of a representative human spacecraft is undertaken to reveal the transition 

temperature requirements for human spacecraft thermal control. In Chapter 6, the potential 

for VO2 to be used in optical force applications is discussed. The conclusions and future 

work are summarized in Chapter 7. 
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CHAPTER 2 THEORETICAL DESIGN OF A VO2-BASED VARIABLE 

EMITTER 

2.1 Fabry-Perot (FP) Emitter Structure Design 

The proposed variable emittance device consists of an asymmetric Fabry-Perot 

resonance cavity, formed by a lossless silicon spacer inserted between a VO2 thin film and 

an opaque aluminum mirror substrate [82]. When the VO2 is metallic at temperatures above 

345 K, the VO2 serves as the top mirror completing the Fabry-Perot cavity and the structure 

provides an absorption enhancement in the mid-infrared wavelength regime around λ = 10 

µm due to the wave interference effect, promoting radiative cooling (Figure 1). On the 

other hand, when the VO2 is insulating below 341 K, the Fabry-Perot cavity is not formed 

and the structure takes on the properties of the substrate, becoming highly reflective.  

Figure 1. Schematic of the proposed variable emitter and wave propagation when the VO2 

is (a) metallic (T > 345 K) and (b) insulating (T < 341 K). df and ds are the thickness of the 

VO2 film and the lossless spacer (n = 3.4), respectively. 
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In addition to simplicity, another advantage of the Fabry-Perot cavity variable 

emitter design is spectral tunability. The Fabry-Perot resonance wavelength and 

corresponding emission enhancement can be easily tuned by varying the thickness of the 

spacer material. A thinner layer will yield a smaller resonance wavelength, while a larger 

spacer layer will produce a larger resonance wavelength [83]. Similarly, the amplitude and 

width of the emittance peak can be tuned via the thickness of the VO2 top thin film mirror. 

This tunable selectivity is useful particularly for applications like building radiative cooling, 

where it is ideal to emit only in the atmospheric window (8-13 µm) so that the coating can 

achieve temperatures well below ambient through radiative cooling to outer space. 

Additionally, the integration of thermochromic VO2 into the Fabry-Perot structure allows 

the coating to either radiatively cool or reduce thermal emission, depending on the 

temperature. 

 

2.2 Temperature-Dependent Optical Constants of VO2 

VO2 is an insulator-to-metal transition material that undergoes a Mott phase 

transition at 341 K and a corresponding dramatic shift in optical properties [39]. Below 

341 K, the VO2 is a uniaxial monoclinic insulator with a dielectric function that can be 

represented by an ordinary component (εO) and an extraordinary component (εE). Both the 

ordinary and extraordinary dielectric components for the insulating VO2 phase can be 

described by the Lorentz oscillator model, 
2 2 2

d

1

( ) / ( )j

N

j j j

j

S i       

=

= + − − , where 

the values for Sj, ωj, and γj for both components were experimentally determined by Barker 
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et al. [84]. However, at temperatures above 345 K, the VO2 becomes a rutile metal whose 

dielectric function can be calculated via the Drude model 
2 2

m / ( )p ci    = − − , where 

the plasma frequency ωp, collision  frequency ωc, and high frequency dielectric constant 

ε∞, can also be found in [84]. Qazilbash et al. [39] demonstrated that the phase change takes 

place over a range of temperatures, rather than being instantaneous. Therefore, a model 

must be developed to describe the behavior of the VO2 within this transition temperature 

regime. Below 341 K the VO2 is insulating, however as the temperature rises in the 

transition range, metallic inclusions form in the insulating host, creating an inhomogeneous 

composite medium.  The Bruggeman effective medium theory (EMT) [85] is introduced to 

obtain the effective dielectric constant εeff(λ) of the VO2 during the phase transition: 

 
m eff d eff

eff m eff eff d eff

(1 ) 0
( ) ( )

f f
q q

   

     

− −
+ − =

+ − + −
 (1) 

where each term represents the depolarization field of a constituent material. The dielectric 

constant of the metallic inclusions, εm(λ), is approximated by the dielectric constant of the 

rutile metal at 345 K. Likewise, the dielectric constant of the insulating material is assumed 

to be equal to the dielectric constant of the insulating VO2  at 341 K. f  is the volume fraction 

of the metallic puddles, which gets larger as the temperature increases during the phase 

transition. The depolarization factor q is determined by the shape of the inclusion. Both the 

volume fraction and the depolarization factor have been tabulated in [39] as a function of 

temperature. As Eq. (1) has two solutions, the one with a positive value for the imaginary 

part should be selected as the correct dielectric function for the effective medium. 
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 Since Barker et al. [84] reported uniaxial dielectric behavior for the insulating VO2, 

the effective medium is also assumed to be uniaxial, where εO and εE are substituted into 

Eq. (1) as εi to get the ordinary component (εeff,O)  and the extraordinary component (εeff,E) 

respectively. Note that the f obtained from [28] is used for both components, while the q 

obtained from [28] is only applied to the ordinary case, i.e. qO. A depolarization factor of 

E O(1 2 )q q= − is used to calculate εeff,E by considering that the sum of the depolarization 

factors must equal one. Table 1 summarizes the depolarization factors and volume fractions 

used to calculate the effective dielectric constant of the VO2 during phase transition from 

[39].  

 

Table 1. Ordinary depolarization factor qO, extraordinary depolarization factor qE, and 

volume fraction f for selected temperatures used to compute the optical constants of VO2 

in phase transition. 

T (K) qO qE = −qO f 

342 0.2 0.6 0.18 

342.6 0.33 0.34 0.31 

343 0.45 0.1 0.48 

343.6 0.5 0 0.7 

 

The transition of the real and imaginary parts of both dielectric constants, εeff,O and 

εeff,E, is depicted in Figure 2 for selected temperatures. The pole behavior at wavelengths 

between 17 and 20 µm in Figure 2(a), along with the corresponding peaks at 17 and 20 µm 

in Figure 2(b), indicates epsilon-near-pole (ENP) modes in the ordinary dielectric constant 

[86]. These modes are characteristic of the Lorentz model used to predict the insulating 

VO2 optical properties and will lead to absorption enhancements in the proposed multilayer 
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structure [86], [87]. The dramatic shift in optical properties, as evidenced in Figure 2, is 

the basis for the variable emittance sought for dynamic radiative cooling. 

 

 

Figure 2. Evolution of the (a) real and (b) imaginary portions of the ordinary VO2 dielectric 

constant during phase transition. Phonon modes for insulating VO2 are seen at 17 and 20 

µm. The (c) real and (d) imaginary portion of the extraordinary VO2 dielectric function 

also show a dramatic shift as the temperature is increased through the transition 

temperature regime. 
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2.3 Uniaxial Transfer Matrix Method 

While the goal of this research is to demonstrate the emissive ability of the proposed 

multilayer structure, direct calculation of emittance can be computationally intensive, 

especially for structures with many layers. In the interest of providing a generalized 

methodology, the emittance is calculated via the indirect method presented by Wang et al. 

[88], which can easily model structures with multiple layers. Here, the method is extended 

to account for uniaxial layers at thermal equilibrium. To model the absorption of the 

proposed emitter, the spectral directional transmittance and spectral directional reflectance 

are first calculated using the matrix formulation of thin film optics. The electric field of the 

wave in each layer can be described in terms of forward and backward waves, where A and 

B are the amplitudes of the forward and backward waves respectively. If the magnetic field 

H is obtained from Maxwell’s equations, then the z-component of the Poynting vector can 

be calculated. By applying the interface boundary conditions at each layer, the relationship 

between the backward and forward waves in the incident medium and the substrate is: 

 
1

1
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N
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=   
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= . The expressions for the dynamical matrix, Dj, and the 

propagation matrix, Pj, are listed below for both s- and p-polarized waves:  
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where dj is the layer thickness of layer j. εO and µO are the ordinary dielectric function and 

magnetic permeability respectively. The uniaxial z-direction wavevectors, kj
s and kj

p, are 

[89]: 

 2 2

0 /s

j iO iO iO x iEk k k   = −  (7) 

 2 2

0 /p

j iO iO iO x iEk k k   = −  (8) 

By considering that there is no backward wave in the substrate (BN = 0), the reflection and 

transmittance coefficients can be calculated from: 
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where k0 = ω/c0 and kx = k0 sinθi. Note that in the proposed structure with the Al substrate 

in Fig. 1, 'T  represents the energy transmitted into, or basically absorbed by, the substrate. 
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As the Al substrate is opaque, the spectral-directional emittance is determined indirectly 

through the energy balance and Kirchhoff’s law: 

 
' ' '1 R   = = −  (12) 

It is important to note that this relation is applied by assuming that the layers are all at the 

same temperature. For this study, the incident medium was assumed to be vacuum. This 

method can be used to determine the radiative properties of a multilayer structure 

composed of isotropic and uniaxial layers, including layers with nanostructures such as 

nanoparticles and nanowires whose composite dielectric function can be approximated by 

an effective medium theory. 

 

2.4 Radiative Properties and Performance of the Proposed FP Structure 

 The aluminum substrate in this study is modeled as 200 nm, causing the structure 

to be opaque. The spacer thickness (dc) used in these calculations is 730 nm, which is 

approximately the thickness where Fabry-Perot resonance occurs at  = 10 µm for metallic 

VO2. The required spacer thickness to achieve Fabry-Perot resonance at the target 

wavelength can be predicted by / 4res ct m n= , where m is an odd integer [83]. The 25 nm 

VO2 thickness (df) was iteratively determined to produce an emittance peak of unity at  = 

10 µm. The optical properties for aluminum were calculated from the Drude model, using 

the constants presented in Ref. [90]. The dielectric layer is modeled as an arbitrary material 

with refractive index n and an extinction coefficient of k = 0. The dielectric constant is then 

calculated from ( )
2

  in k = + . A negligibly small extinction coefficient is consistent with 
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the typical properties of dielectric materials such as undoped silicon or magnesium fluoride 

in the infrared spectrum. The refractive index is chosen to be n = 3.4 here, which is the case 

for intrinsic silicon in the mid-infrared [91], [92].  

 A well-performing dynamic thermal emitter is defined by low absorptance when the 

VO2 is insulating and high broadband absorption around a wavelength of 10 µm when the 

VO2 is metallic. In Figure 3, the spectral normal emittance is modeled as a function of 

wavelength for the proposed structure when the VO2 is in its metallic and insulating phases. 

Intermediate temperatures are also plotted to show the development of the spectral emittance 

during phase transition. Overall, the insulating case has the desired low emittance (<10%), 

however there are some peaks at  = 10, 13, 17, and 20 µm where the absorption is enhanced. 

Since insulating VO2 is modeled as a Lorentz oscillator, the absorption peaks near  = 13, 

17, and 20 µm are related to the ENP enhancement identified in Section 2.2. The peak at  

= 10 µm in both the metallic and insulating case is due to Fabry-Perot resonance. This 

structure holds promise as a switchable thermal emitter because the difference in emittance 

between the insulating and metallic layers is large. Note that the metallic emittance is nearly 

ten times the insulating emittance at λ = 10 µm. 
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Figure 3. Spectral normal emittance for the proposed structure. When the VO2 is metallic, 

the coating has high broadband emissivity around 10 µm. Apart from VO2 phonon modes, 

the coating has high reflectivity when VO2 is dielectric. 

 

A possible limitation of 1D multilayer emitters based on the wave interference 

effect is that the performance is sometimes sensitive to incidence angle [93]. Since the 

emitter would be deployed as part of a thermal management system for a building or 

spacecraft, its performance at nonzero incidence angles is also important. Figure 4 models 

the emittance of the proposed structure as a function of incident wavelength and angle, for 

both the insulating and metallic phases. When VO2 is metallic, the emittance peak is 

calculated to be broadband and high for all but the largest angles for both polarizations. 

The broadband emittance peak is a result of the optical properties of the VO2, which is a 

poor reflector compared to noble metals such as silver or gold, leading to a broader 

emission peak. A similar phenomenon is demonstrated with tungsten in the solar spectrum 

by Fang et al. [94]. Low emittance is seen for almost all wavelengths and angles for the 
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insulating phase. As discussed previously, the areas of higher narrowband emittance near 

 = 17 and 20 µm are caused by ENP modes intrinsic to insulating VO2. The area of higher 

emittance at 10 µm wavelength in the insulating case is caused by weak Fabry-Perot 

resonance. 

Figure 4. The uniaxial transfer matrix method is used to calculate the angle dependence of 

the spectral emissivity for (a) TE waves in the metallic case, (b) TM waves in the metallic 

case, (c) TE waves in the insulating case, and (d) TM waves in the insulating case. 

 

To verify that the high emittance observed around  = 10 µm is caused by Fabry-

Perot resonance, the normalized total phase shift inside the cavity and the angle dependent 

resonance wavelength are plotted in Figure 5. The total phase shift is calculated from: 

 b s2 2   = + +  (13) 
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where β = 2πnsdscosθc/λ is the phase shift traveling in the cavity. φb and φs are the phase 

angle of the reflection coefficients at the top and bottom interfaces of the cavity 

respectively. Fabry-Perot resonance occurs when the total phase shift inside the cavity is 

in integer multiples of 2π, leading to standing waves inside the cavity. Figure 5(a) shows 

how the total phase shift varies as a function of wavelength for both the metallic and 

insulating VO2 cases for normal incidence. The curves cross 0 at λ = 10 µm, indicating that 

there is a Fabry-Perot absorption enhancement at approximately 10 µm for both the 

insulating and the metallic scenarios. In the high temperature case, the top mirror is the 

metallic VO2. In the insulating VO2 case, the interface between the VO2 thin film and the 

air is weakly reflective due to the difference in refractive indices between the incident 

medium (vacuum, n = 1) and the dielectric layers (n ~ 2.5-3 for VO2 and n = 3.4 for the 

dielectric spacer considered). An identical spectral normal emission profile can be 

produced by considering just 730-nm-thick silicon on aluminum, a structure that Kats et al. 

discussed which also produced Fabry-Perot resonance [83]. The added thickness of the 

VO2 layer in addition to the spacer thickness explains why the insulating resonance 

condition occurs slightly to the right of the metallic resonance condition.  

 In Figure 5(b), the interfacial spectral reflectance between the spacer material and 

the VO2 thin film is shown as a function of wavelength. The strength of the Fabry-Perot 

absorption is determined by the thickness and optical properties of the thin film mirror. For 

insulating VO2, the interface reflectance is low, except for the 15-20 µm spectral range, 

where the insulating VO2 behaves like a metal due to the ENP modes characteristic of the 

Lorentz model used to predict the optical properties of insulating VO2. The lower 
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reflectance of the spacer/VO2 interface results in a weaker Fabry-Perot resonance response. 

The comparatively higher reflectance of the spacer/metallic VO2 interface leads to a 

stronger Fabry-Perot absorption at the resonance wavelength.  

Figure 5. The (a) resonance condition is fulfilled for both the insulating and metallic phases 

of VO2 at approximately λ = 10 μm, where the total phase shift in the cavity is equal to an 

integer multiple of 2πm. (b) The interfacial reflectance between the cavity material and the 

VO2 is higher when VO2 is metallic over most of the wavelength range considered. 

 

To further elucidate the physical mechanisms behind the dynamic radiative 

properties of the proposed structure, the layer absorptions for both insulating and metallic 

VO2 have been plotted in Figure 6. The spectral normal absorptance in the aluminum 

substrate can be obtained as '

s T = .  As the lossless spacer does not contribute to the total 

absorption of the multilayer structure, the total structure absorption can be considered as 

f s   + = . Therefore, the spectral normal absorptance in the thin film VO2 layer is 

' '

f s 1 R T    = − = − − . When VO2 is metallic (Figure 6a), most of the absorption occurs 

in the VO2 thin film layer since VO2 is absorbing. When VO2 is insulating (Figure 6b), the 
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absorption due to Fabry-Perot resonance occurs primarily in the aluminum substrate since 

the insulating VO2 thin film is semi-transparent. At wavelengths between 15 and 20 µm, 

the VO2 ENP modes lead to several weak absorption peaks. The difference in the optical 

properties of VO2 allows the structure to dynamically switch between radiative cooling at 

high temperatures and minimizing thermal loss at low temperatures. 

 

Figure 6. When VO2 is (a) metallic, absorption occurs primarily in the VO2 thin film layer. 

When VO2 is (b) insulating, most of the Fabry-Perot absorption occurs in the aluminum 

substrate layer. The ENP modes for insulating VO2 lead to high absorption in the thin film 

VO2 layer between 15 and 20 µm. 

 

The total normal emittance can be determined from [32]. 
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where Ebλ is the spectral blackbody emissive power and σ is the Stefan-Boltzmann 

constant. Likewise, the total hemispherical emittance can be calculated via [32]: 
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where ' ( , , )T    is the spectral directional emissivity with an emission angle of . As 

shown in Figure 7(a), the coating achieves a total normal emittance variation of 0.41 from 

0.08 to 0.49 (red dashed line) and a total hemispherical emittance variation of 0.38 from 

0.07 to 0.45 over the course of the phase transition (blue solid line).   

 The total hemispherical emissive power, which represents the dynamic cooling 

power that could be achieved for extraterrestrial applications such as satellites and other 

spacecraft, can be calculated via [32]: 

                       
4

rad,extraterrq T=  (16) 

As presented in Figure 7(b), the temperature-dependent total hemispherical emissive power 

(blue solid line) achieves a 6.5 fold enhancement or an increase of 309 W/m2
 from 56 W/m2 

at 341 K to 365 W/m2 at 345 K. 

The tunable emissive power also makes the proposed coating a good candidate for 

applications in building cooling, where spectral selectivity in thermal emission is needed 

to dissipate the energy through the atmospheric window into outer space. When 

considering the cooling power for buildings and other terrestrial systems, the effect of 

radiation from the atmosphere must be considered.  In the terrestrial case without 

considering solar heating and convective heat transfer, the net radiative cooling power of 
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the coating (qrad,terr) can be taken as the difference between the power radiated by the 

sample, and the power absorbed by the sample from the atmosphere [11], [22]: 

 rad,terr rad,extraterr atmq q q= −  (17) 

where the emissive power absorbed from the atmosphere qatm  can be calculated from:  
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          =     (18) 

The atmospheric emittance εatm is given by 1/cos

atm ( , ) 1 ( )t    = − , where t is the AM1.5 

transmittance spectra of the atmosphere in the zenith direction [11], [41], [95]. Tatm is the 

atmospheric temperature, which is taken to be 300 K. The net emissive power qrad,terr 

through the atmospheric window is shown in Figure 7(b) as a function of the coating 

temperature (red dashed line). The emissive power increases from 38 W/m2 at the onset of 

the  VO2 phase transition (i.e., 341 K) to 281 W/m2 at the end of the phase transition (i.e., 

345 K), resulting in 7.3 fold enhancement in cooling power and an increase of 242 W/m2. 

Since a significant portion of the total hemispherical emissive power is radiated within the 

atmospheric window, this structure shows good potential as a dynamic radiative coating 

for building cooling applications.  
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Figure 7. (a) The total hemispherical emissivity achieves a variation of 38% from 341 K to 

345 K, while the normal case achieves a 41% variation. (b) The total emissive power 

(extraterrestrial cooling power) achieves a variation of 309 W/m2, while the building 

cooling power (terrestrial cooling power) achieves a variation of 242 W/m2. 

 

 Using a combination of uniaxial wave propagation theory, Bruggeman EMT, and 

an indirect calculation of emissivity, a dynamic VO2-based Fabry-Perot emitter had been 

designed, the physical mechanisms have been elucidated, and the temperature-dependent 

performance has been predicted. The difference in the emittance as the VO2 changes from 

an insulator to metal suggests that this type of emitter could be beneficial for applications 

in spacecraft and building thermal control. The next chapter will discuss the fabrication of 

the thermochromic VO2 thin films that are critical to deliver the desired variable emittance. 
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CHAPTER 3 FABRICATION AND INFRARED SPECTROMETRIC 

CHARACTERIZATION OF VANADIUM DIOXIDE THIN FILMS 

 To fabricate the proposed Fabry-Perot emitter, first a repeatable and effective 

method for fabricating high quality VO2 thin films had to be developed. The development 

of a low-temperature method based on electron beam evaporation and subsequent 

annealing in an oxygen environment is described in this chapter, along with the 

characterization of the fabricated VO2 thin films. The composition and morphology of the 

films are characterized using x-ray diffraction (XRD), Raman spectroscopy, and atomic 

force microscopy (AFM). The optical performance of the prepared films is demonstrated 

using temperature-dependent Fourier transform infrared (FTIR) spectroscopy 

measurements. The insulating and metallic VO2 dielectric constants for films prepared 

through this method are fitted. The heating and cooling curves are measured to demonstrate 

the transition temperatures and hysteresis characteristics of the prepared VO2 films. The 

filling fraction is also determined to provide a convenient means to model the VO2 

properties in phase transition. 

 First, the refractive index, n, and the extinction coefficient, κ, of the silicon substrate 

are determined to aid in the VO2 property fitting process. Then a 30 nm vanadium thin film 

is deposited on the silicon substrate using electron beam evaporation. Afterwards RMS 

roughness and thickness are measured to complete the materials characterization for the 

vanadium thin film. Then the film is oxidized to form the VO2 thin film. Similarly, the 

surface roughness and thickness of the prepared VO2 are measured, as well as the 
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composition via XRD patterns and Raman spectra. The flow chart for the fabrication and 

characterization process is shown in Figure 8 as a guide. 

Figure 8. Flow chart describing the procedure for the fabrication, material characterizations, 

and optical characterizations. 

 

3.1 Furnace Oxidation Fabrication Process 

Each sample was fabricated on a double-side-polished 385-μm-thick lightly-doped 

silicon wafer substrate (10<ρ<25 Ω-cm, <100> orientation, Virginia Semiconductor Inc.) 

that measures approximately 1 cm × 2 cm in size. Lightly doped silicon substrates were 

chosen intentionally to achieve high transparency across the near-infrared and mid-infrared 

wavelengths of interest (λ = 2.5 μm to λ = 20 μm). Prior to the deposition of thin film 

vanadium, the silicon substrates were cleaned with isopropyl alcohol and blow dried using 

nitrogen gas. 30 nm vanadium thin films were deposited on the silicon substrates from 

vanadium pellets (99.99% purity, Kurt J. Lesker Co) via electron beam evaporation (Lesker 
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PVD75 Electron Beam Evaporator). The base pressure of the chamber and deposition rate 

were kept at 3 × 10-6 Torr and 0.7 Å/s, respectively, during the deposition process.  

Subsequently, the samples were oxidized in a Thermco Minibrute ambient pressure 

tube furnace to induce the V to VO2 transformation. Figure 9 shows the configuration for 

the Minibrute tube furnace. The samples are first loaded onto a quartz boat and allowed to 

heat in the hot zone of the furnace for 10 mins while the quartz tube is purged with nitrogen 

at a 60 SLPM flow rate. After reaching 300 °C, 0.5 SLPM pure O2 was mixed with the 60 

SLPM N2 gas to oxidize the surface. After the oxidization process, the sample is 

immediately transferred to the cold end of the tube furnace and is allowed to reach to room 

temperature for 10 minutes under a nitrogen purge.  

Figure 9. Schematic of the Thermco Minibrute atmospheric tube furnace and the vanadium 

thin film annealing process. 

 

This dissertation work includes a parametric study to determine the required 

furnace conditions for high quality VO2 thin films. First, an initial parametric study was 

conducted to determine the best temperature and gas flow rate for the oxidation (Table 2). 

From Figure 10(a), it is apparent that the furnace conditions have a drastic effect on the 

vanadium oxide composition. Samples 1 and 2, which were oxidized at 300 °C, exhibited 

a significant change in transmittance upon phase transition. On the other hand, Samples 3 
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and 4, which were oxidized at 400 °C showed no evidence of a temperature-dependent 

phase transition, indicating that these films are not thermochromic VO2. The films were 

later determined to be V2O5 via x-ray diffraction. 

 

Table 2.  Sample conditions for the initial parametric study. 

 

 

 

Figure 10. (a) Samples fabricated in the initial parametric study and (b) the temperature-

dependent transmittance of Sample 2, which achieved the best transmittance change. 

 

The optimal oxidation temperature, gas flow rates, and time were determined via 

several parametric studies. Table 3 shows an example parametric study for the oxidation 

Sample Time (min.) O
2
 flow (SLPM) Temperature (°C) ΔTrans (%) 

1 20 1.5 297 9 

2 60 0.5 303 20 

3 15 1.5 399 0 

4 60 0.5 403 0 
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temperature, where all samples were oxidized for one hour under 0.5 SLPM O2 and 60 

SLPM N2, while the temperature was varied between 250 °C and 400 °C. It can be seen 

that an oxidation temperature of T = 300 °C results in the largest change in transmittance, 

while the other temperatures yielded no signs of phase transition upon heating. Similar 

studies were also undertaken to determine the optimal O2 flow rate, N2 flow rate, and 

oxidation time. Close surface and color inspection shows that the vanadium samples 

underwent significant chemical transformation as evidenced by a metallic hue (vanadium) 

to a lilac (VO2) color change. The optimal VO2 oxidation temperature was determined to 

be 300 °C and the optimal O2 flow rate was found to be 0.5 SLPM. The oxidation time is 

dependent on the thickness of the VO2, i.e. a thicker layer will take longer to fully oxidize. 

A VO2 sample is considered fully oxidized when the transmittance exceeds 50%, 

approaching the transmittance of the bare silicon substrate. After the material synthesis 

step, the samples were structurally characterized through Raman spectroscopy and XRD 

measurements.  

 

Table 3. Oxidation temperature study 

 λ = 2.5 µm λ = 10 µm 

Oxidation 

Temperature (°C) 

Transmittance  

( T = 20 °C) 

Transmittance  

( T = 100 °C) 

Transmittance  

( T = 20 °C) 

Transmittance  

( T = 100 °C) 

200 15.6 15.6 13.6 13.6 

250 17.2 17.2 16.7 16.7 

300 32.1 20.1 34.6 21.8 

350 52.5 52.5 45.5 43.7 

400 54.8 54.8 51.5 48.6 
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3.2 Material and Optical Characterizations 

X-ray diffraction (XRD) patterns (PANanalytical X’Pert PRO MRD) were used to 

identify the crystalline phases of the oxidized films. Figure 11(a) shows the XRD pattern 

for Sample B, which was oxidized for 2 hour and 15 minutes. The XRD pattern for the 

pure vanadium precursor film is also shown in Figure 11(a). Since the film is quite thin (55 

nm) and VO2 has weak XRD peaks, a scan step time of 1 second was used to get a 

sufficiently low noise measurement. Additionally, a zero-background quartz plate was used 

for the measurement to eliminate diffraction contributions from the aluminum sample 

holder. The peaks at 27, 37, 42, 56, and 65° are characteristic of VO2 [77]. Full-width-at-

half-maximum (FWHM) values of the XRD peaks were extremely narrow, even though 

this suggests that single crystal domain is large, the films are polycrystalline in nature. 

Similarly, Raman spectroscopy (Renishaw InVia spectroscopy system) was used to 

investigate the composition of the fabricated films as shown in Figure 11(b). A 488 nm 

laser source with a 100x lens was used for the measurement. The Raman peak at 520 cm-1 

is characteristic of the silicon (100) wafer that the films were prepared on. The other peaks 

at 146 cm-1, 194 cm-1, 223 cm-1, 261 cm-1, 303 cm-1, 391 cm-1, 441 cm-1,  614 cm-1, and 

826 cm-1 are characteristic of VO2 [96]–[99]. All the Raman peaks exhibited FWHM values 

smaller than 6 cm-1 which demonstrates the highly crystalline nature of these VO2 films.  

In addition to the composition, the morphology of the prepared VO2 thin films was 

also investigated using atomic force microscopy. Two 1 µm by 1 µm scans were taken, one 

of the pure vanadium thin film, and one of Sample B. The pure vanadium thin film 

thickness was 30 ± 1.5 nm and the oxidized film was 55 ± 1.5 nm. The thickness was 
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determined by measuring the height of a step that was created on the sample during 

fabrication. In addition to the thickness, the RMS surface roughness of the films was also 

measured to be 0.79 nm for the pure vanadium thin film and 4.72 nm for the prepared VO2 

film. Figure 11(c) shows the AFM image for the thin vanadium film. The small, uniform 

grains are characteristic of a high-quality metal film deposited by physical vapor deposition 

techniques. Figure 11(d) shows the topology for a vanadium dioxide thin film prepared via 

the method outlined in Section 3.1. The grain sizes are much larger than the pure vanadium 

thin film, which is characteristic of metal oxides. An AFM measurement of the steps on 

Samples A and C confirmed that the thickness of all three samples was consistent (60 ± 1.5 

nm for Sample A and 57 ± 1.5 nm for Sample C). For all three samples, the thin film 

thickness approximately doubled due to the incorporation of oxygen atoms during the 

furnace oxidation. 
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Figure 11. (a) XRD pattern for VO2 thin film, (b) Raman spectra for the silicon substrate 

(black) and VO2 thin film (red), (c) AFM image for the pure vanadium thin film, and (d) 

AFM image for the VO2 thin film. 

 

3.3 Dielectric Constant Fitting from Temperature-Dependent Transmittance 

 The fitting process for the fabricated VO2 thin films is based on a least-squares fit 

to optical measurements of the prepared samples. Therefore, accurate optical properties for 

the silicon substrate first had to be determined. The room temperature refractive index, n, 

and the extinction coefficient, κ, were extracted from reflectance and transmittance 

measurements of the bare silicon wafer. The specular near-normal spectral reflectance was 
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measured with a Harrick variable-angle reflectance accessory for semi-transparent samples 

in a Nicolet iS50 FTIR spectrometer. The specular normal spectral transmittance was also 

measured in the Nicolet iS50 spectrometer bench. Both measurements were taken with a 

resolution of 16 cm-1 and averaged over 100 scans. The FTIR spectrometer was purged 

with nitrogen gas throughout the measurement. Figure 12(a) shows the room temperature 

reflectance and transmittance measurements used to fit the n and κ of the lightly doped 

silicon substrate.   

An optical model of a silicon wafer is constructed according to ray-tracing theory 

in order to extract the optical constants of the silicon substrate. In this theory, the 

reflectance and transmittance can be calculated from Eq. (19) and Eq. (20), respectively 

[32], [87]: 

𝑅𝜆
′ = 𝜌𝜆

′ +
𝜌𝜆

′ (1 − 𝜌𝜆
′ )2𝜏𝜆

′

1 − 𝜌𝜆
′2𝜏𝜆

′2  
 

(19) 

𝑇𝜆
′ =

(1 − 𝜌𝜆
′ )2𝜏𝜆

′

1 − 𝜌𝜆
′2𝜏𝜆

′2  
 

(20) 

where ρ’
λ is the interfacial reflectance between the air and silicon, which can be calculated 

from Fresnel’s equations, and τ’
λ is the internal transmittance, which is defined as:  

𝜏𝜆
′ = 𝑒𝑥𝑝( −

4𝜋𝜅𝑑

𝜆 𝑐𝑜𝑠 𝜃2
) 

 
(21) 

where d is the thickness of the wafer, κ is the extinction coefficient of silicon, λ is the 

wavelength, and θ2 is the refraction angle inside the slab. Given the experimental 

reflectance and transmittance data for the silicon substrates, the system consisting of Eqns. 

(19), (20), and (21) can be solved to extract the two unknown wafer optical properties (n 
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and κ) at a given wavelength. Figure 12(b) shows that the n for the silicon substrate is 

consistently ~3.42 across the wavelength range considered, which agrees well with the 

known properties for silicon wafers [91], [92], [100]. The silicon substrate has two phonon 

modes at 9 µm and 16 µm as shown in Figure 12(c), which are responsible for the dips 

seen in the transmittance and reflectance measurements at these locations [92], [101]. 

These extracted optical properties are used in the VO2 property fitting routine to determine 

the dielectric constant for the insulating and metallic properties of the prepared VO2 thin 

film. 
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Figure 12. (a) Transmittance (red) and reflectance (blue) for the silicon wafer substrate, (b) 

fitted refractive index for the silicon wafer (blue) and comparison to literature (red), and 

(c) extinction coefficient for the silicon wafer. 

 

The specular spectral temperature-dependent transmittance of the three prepared 

VO2 thin films was measured in the Nicolet iS50 spectrometer at normal incidence from 

2.5 µm to 20 µm with a resolution of 16 cm-1. The measurement was performed in air and 

was averaged over 32 scans. In addition to being measured at room temperature (insulating 

VO2), the samples were also measured at T = 100 °C, where the VO2 has completely 

transitioned to its metallic phase. Figure 13 shows the temperature-dependent 
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transmittance for the three VO2 thin films on silicon that were oxidized for one hour and 

fifteen minutes (Sample B) and two hours (Sample A and C). Sample B shows the best 

phase transition properties, with a near-infrared transmittance change of 26% and a mid-

infrared transmittance change of 17%. Samples A and C achieve similar transmittance 

changes in both regimes. The dips in reflectance at 9 µm and 16 µm correspond to the 

silicon phonon modes that can be seen in both the transmittance and reflectance 

measurements for the silicon substrates, as well as the peaks in the wavelength-dependent 

extinction coefficient. The peak near 10 µm in the metallic phase is a characteristic of the 

thin film VO2. The transmittance of all the prepared VO2 samples is comparable to that of 

the silicon substrate, indicating that the present fabrication method is capable of producing 

highly transparent VO2 thin films. 

Figure 13. Temperature-dependent transmittance for three samples: Sample A (solid lines), 

Sample B (dashed lines), and Sample C (dash dotted lines). The blue curves represent the 

room temperature transmittance and the red curves represent the heated VO2 transmittance 

at T = 100 °C. 
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The dielectric constant of both the insulating and metallic VO2 is fitted using a 

least-squares approach and a genetic algorithm minimization routine. In this method, the 

sum of the squared residuals between the measurement and the calculated transmittance F 

based on the optical model is minimized using a genetic algorithm routine [102]: 

2

exp theo

1

( )
N

k

F T T
=

= −  
 

(22) 

where Texp is the transmittance measured in the experiment and Ttheo is the modeled 

transmittance. Ttheo is calculated from an expanded version of the ray tracing theory that is 

used to extract the n and κ for the silicon wafer. The expanded version considers a thin film 

on top of a thick, incoherent substrate. The expression to model the transmittance of a slab 

with a thin film on top is [87]: 

𝑇theo =
𝜏𝑎𝜏𝑠𝜏

1 − 𝜌𝑠𝜌𝑏𝜏2
  

(23) 

where τa is the transmittance from the air through the top thin film layer, τs is the 

transmittance from the lower interface of the substrate to the air, ρs is the substrate 

reflectance, and ρb is the reflectance of the thin film originating from the substrate. Thin 

film optics can be used to determine τa and ρb, while τs and ρs can be determined from 

Fresnel’s equations. All four parameters are calculated from the optical properties of the 

VO2 and the silicon wafer. 

  The optical properties of the insulating VO2 were fitted to a classical Lorentz 

oscillator model [84]. The expression used to fit the VO2 properties is: 
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𝜀𝑑(𝜔) = 𝜀∞ + ∑
𝑆𝑗𝜔𝑗

2

𝜔𝑗
2 − 𝑖𝛾𝑗𝜔 − 𝜔2

𝑁

𝑗=1

 

 

(24) 

where ε∞ is the high frequency dielectric constant, Sj is the phonon strength, ωj is the phonon 

frequency, and γj is the damping coefficient. The genetic algorithm is used to minimize F 

according to ε∞, Sj, ωj, and γj subject to some bounds selected for each parameter. ε∞ is 

limited to be between 0 and 30, while Sj and γj are limited to be between 0 and 10. The 

phonon frequency ωj is bounded between 400 cm-1 and 4000 cm-1
, which is the 

measurement range. A four-oscillator model was considered. Figure 14(a) shows the 

comparison between the calculated transmittance based on the fitted properties and the 

experimentally determined transmittance. An excellent fit was achieved for the insulating 

VO2. The fitted Lorentz oscillator model parameters are summarized in Table 4. 

 

Table 4. Fitting parameters for the dielectric constants of fabricated VO2 film at the 

insulating phase in the IR range. 

Insulating VO2 Properties 

Einf Oscillator index j Sj ωj (cm-1) γj 

20 

1 0.561 697 0.080 

2 2.295 513 0.100 

3 2.084 607 0.100 

4 0.598 826 0.100 

 

The optical properties of the metallic VO2 were fitted to a dispersion model. The 

dispersion model is characterized by three terms: the high-frequency dielectric constant, 

the Drude term which describes the free electron contribution to the dielectric constant, 
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and the Lorentz term which describes the phonon contributions to the dielectric constant. 

The expression for the dispersion model used is [103]: 

 𝜀𝑚(𝜔) = 𝜀∞ −
𝜔𝑛

2

𝜔2+𝑖𝜔𝑐𝜔
+ ∑

𝑆𝑗

1−
𝜔2

𝜔𝑗
2−𝑖𝛾𝑗

𝜔
𝜔𝑗

𝑁
𝑗=1   

(25) 

where ωn is carrier density parameter and ωc is the collision frequency. ε∞, Sj, ωj, and γj are 

the high frequency dielectric constant, phonon strength, phonon frequency, and damping 

coefficient, respectively. Four oscillators were also used for the Lorentz term to achieve a 

satisfactory fit for the metallic VO2. As with the insulating VO2 fit, the genetic algorithm 

is used to minimize F according to ε∞, ωn, ωc, ωj, Sj, and γj subject to some bounds selected 

for each parameter. ε∞ is limited to be between -40 and 40, while Sj and γj are limited to be 

between 0 and 10. The phonon frequency ωj is bounded between 400 cm-1 and 4000 cm-1
, 

which represents the measurement range. The comparison between the experimental data 

and the fitted model is in Figure 14(b). The model parameters for the metallic fit are also 

summarized in Table 5. 

 

Table 5. Fitting parameters for the dielectric constants of fabricated VO2 film at the metallic 

phase in the IR range. 

Metallic VO2 Properties 

Einf 
Oscillator 

index j 
Sj ωj (cm-1) γj ωn (cm-1) ωc (cm-1) 

-16.7 

1 3.563 2357.7 0.429 

17620 7816 
2 1.86 591.7 0.101 

3 3.53E-04 413.7 19.894 

4 0.658 1858.8 0.158 
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  The real part of the dielectric function for both the insulating and the metallic VO2 

is shown in Figure 14(c), while the imaginary part is shown in Figure 14(d). It is worthwhile 

to note that the fabrication process for the VO2 and the substrate material that the films 

were deposited on has a significant effect on the optical properties [71]. Therefore, the 

determination of the optical properties for this fabrication method will assist the 

development of VO2-based devices using the fabrication method outlined in this paper. 

 

Figure 14. (a) Lorentz oscillator fit for the insulating VO2, (b) dispersion relation fit for the 

metallic VO2, (c) real part of the dielectric function for insulating VO2 (black) and the 

metallic VO2 (red), and (d) imaginary part of the dielectric function for the insulating VO2 

(black) and the metallic VO2 (red). 
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3.4 Hysteresis Effect with Heating/Cooling Curves 

 Besides the optical property shift, the nature of the phase transition and the optical 

properties within the transition regime is also of interest when designing VO2 based 

coatings. Of critical consideration are the transition temperature, width of the transition 

regime, and the hysteresis between the transition during heating and the transition during 

cooling. In addition to the insulating and metallic phase properties, many applications also 

require an understanding of the VO2 properties in phase transition. To this end, the 

temperature-dependent properties of the transitioning VO2 were measured using FTIR 

spectroscopy in a Janis VPF-800 cryostat, customized with translation and rotation stages, 

which is mounted in the sample compartment of the Nicolet iS50 spectrometer (Figure 15a). 

The cryostat enables vacuum measurements of samples with a much more accurate sample 

temperature measurement. The cryostat is equipped with zinc selenide windows to permit 

infrared transmittance measurements. The temperature of the sample is controlled with a 

Lakeshore 335 cryogenic temperature controller. After each set-point on the heating and 

cooling curves was reached, 10 minutes were allotted for the sample temperature to 

stabilize at the set-point. The FTIR settings for these measurements are the same as for the 

measurements mentioned earlier. The transmittance spectra were taken incrementally as 

Sample B was heated from room temperature to 97 °C, providing the measurement for the 

heating curve. Similarly, the sample was allowed to cool from 97 °C to room temperature, 

resulting in the sample’s cooling curve measurement. During the measurement, the cryostat 

sample chamber was pumped to 5 × 10-5 Torr. Figure 15(c) shows both the heating and 

cooling curves for two wavelengths, λ = 2.5 µm and λ = 10 µm, corresponding to the near-
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infrared and mid-infrared respectively. For the near-infrared heating curve (red solid line), 

the transition begins at 57 °C and finishes at 77 °C (λ = 2.5 µm). For the near-infrared 

cooling curve, the transition takes place between 37 °C and 57 °C, resulting in a hysteresis 

of 20 °C. This hysteresis could likely be reduced by a different choice of substrate, such as 

quartz, or by increasing the thickness of the deposited VO2. The transmittance change over 

the transition regime for the near-infrared wavelengths is 26%. Similarly, Sample B has a 

17% change in the mid-infrared (λ = 10 µm) and the transition regime for both heating and 

cooling is identical to that for λ = 2.5 µm.  

The VO2 can be considered as an inhomogeneous composite medium to aid in the 

description of its optical properties during phase transition. The filling fraction f is the 

fraction of material in the composite that is metallic. At low temperatures, when VO2 is 

insulating, the filling fraction is 0. Once the start of the transition temperature range is 

reached, metallic inclusions begin to form in the VO2 film and the filling fraction increases 

from 0 to 1 with temperature. After the temperature has increased beyond the upper limit 

of the transition range, the filling fraction will be 1, indicating that all of the VO2 is metallic. 

The transition VO2 can be modeled by considering the material as a composite medium of 

insulating and metallic constituents. The Bruggeman effective medium theory (EMT) is 

employed here to model the effective dielectric constant of the fabricated sample during 

the phase transition [85]: 

𝑓
𝜀𝑚 − 𝜀𝑒𝑓𝑓

𝜀𝑒𝑓𝑓 + 𝑞(𝜀𝑚 − 𝜀𝑒𝑓𝑓)
+ (1 − 𝑓)

𝜀𝑑 − 𝜀𝑒𝑓𝑓

𝜀𝑒𝑓𝑓 + 𝑞(𝜀𝑑 − 𝜀𝑒𝑓𝑓)
= 0  (26) 

where εeff is the effective dielectric constant, εm and εd are the metallic and insulating 

dielectric functions. The depolarization factor q describes the shape of the inclusions in the 
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composite medium. In this case, since the VO2 film is very thin, the inclusions are assumed 

to be disk-shaped, which have a corresponding q of 0.5. The filling fraction f at each 

selected temperature is determined by a least-squares fitting between the experimental 

transmittance and the modeled transmittance. The metallic and insulating dielectric 

functions are given by the models described in Section 4. In Figure 15(d), the fitted filling 

fraction is show for each temperature point collected during the experiment. 

 

Figure 15. (a) Experimental set-up and (b) schematic of the temperature-dependent 

transmittance experiment in vacuum. (c) Heating and cooling curves for Sample B and (d) 

temperature-dependent filling fraction for VO2 in phase transition upon heating and cooling 

for selected temperatures. 
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 Besides the full heating and cooling hysteresis, the hysteresis when the VO2 is only 

partially heated and then cooled is also of interest, especially for transient systems 

modeling. It has not been previously reported whether the VO2 would transition back to 

the insulating state along the same curve as if it had been fully heated beyond the 

conclusion of the transition, or if another trend would emerge. To answer this question, a 

60-nm-thick VO2 thin film was prepared on undoped silicon to characterize the partial 

heating effect on the hysteresis in the infrared regime. As with the full heating and cooling 

curve measurement, the partial hysteresis measurements were taken using the Janis VPF-

800-FTIR cryostat. The vacuum pressure was maintained below 5 × 10-5 Torr and the 

temperature was controlled with the Lakeshore 335 cryogenic temperature controller. Once 

the setpoint temperature was reached, 15 minutes were allotted to allow the sample to reach 

steady-state. Figure 16(a) shows the temperature-dependent FTIR measurements for the 

VO2 when it is heated one quarter through the transition range and then cooled, while 

panels (b) and (c) show the results for halfway heated and three quarters of the way heated. 

In each figure the full heating and cooling curves are shown for reference. From the figure, 

it is clear that if the VO2 is partially heated, the hysteresis upon cooling will be different 

than if the VO2 had been heated to a temperature beyond its transition range. An empirical 

expression is developed here to assist with modeling efforts. The transmittance of the VO2 

thin films during cooling after partial heating at a given temperature T, Γp(T), can be 

described by a simple proportionality expression: 

𝛤i−𝛤f(𝑇)

𝛤i−𝛤m
=

𝛤i−𝛤p(𝑇)

𝛤i−𝛤p(𝑇h)
                           (27) 
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is the transmittance for the full cooling curve at the given temperature, Tm is the 

transmittance when the VO2 is entirely metallic, and Γp(Th) is the transmittance when the 

VO2 is partially heated to temperature Th. Figure 16(d) shows the normalized transmittance 

for the full and partial heating curves, where 0 indicates entirely insulating VO2. A 

normalized transmittance change of 1 indicates the composition of the VO2 at the 

temperature when it was allowed to cool (metallic for the full heating curve, and a mix of 

insulating and metallic VO2 for the partial heating curves). As can be seen in the figure, for 

a given temperature, of the portion of VO2 that had transitioned during heating, the 

percentage that had transitioned back when that temperature was reached during cooling is 

the same for the full heating, quarter heating, half heating, and three quarters heating curve. 

A similar trend is likely to exist for the fabricated Fabry-Perot emitter sample as well. The 

hysteresis characteristics of that sample will be discussed in the next chapter. 
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Figure 16. Temperature-dependent FTIR measurements for (a) one quarter partial heating, 

(b) one half partial heating, and (c) three quarters partial heating. (d) Normalized 

transmittance change for the full and partial heating curves. 

 

The temperature stability of the VO2 thin films is also of concern for thermal control 

coatings based on VO2, particularly for spacecraft thermal control coatings, where the 

coating may be exposed to cryogenic or high temperatures. Besides exposure to extreme 

temperatures, thermal cycling may also be of concern for many thermal control 

applications. To address these concerns, the optical properties of the VO2 thin films were 

measured at both cryogenic temperatures, and high temperatures (up to 450 °C). The VO2 
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thin films were cycled 10 times between room temperature and cryogenic temperatures to 

determine if thermal cycling would have an impact on the optical properties of the films. 

From Figure 17(a), it can be seen that the transmittance of the VO2 thin films at T = 300 K 

and T = 77 K is nearly identical, indicating excellent cryogenic thermal stability. 

Additionally, the VO2 thin films were cycled between 300 K and 77 K ten times to 

demonstrate their stability under thermal cycling. The temperature was held for half an 

hour at both 77 K and 300 K for each cycle. The ramp rate for the heating and cooling was 

15 K/min. As shown in Figure 17(a), the thermal cycling did not have a significant impact 

on the transmittance. After the experiment, the sample was visually inspected and did not 

show any signs of delamination. The high temperature measurements for the VO2 thin film 

are shown in Figure 17(b). From the figure it can be seen that, after heating beyond 200 °C, 

the VO2 thin film starts to become unstable, as seen by the significant decrease in infrared 

transmittance, especially at longer wavelengths. After the experiment, the thin film sample 

did not transition back to the insulating state and there was a clear color change from lilac 

to tan. The maximum expected temperature for dynamic radiative cooling applications is 

not usually above 200 °C, so the VO2 thin film’s stability up to 200 °C is acceptable for 

the applications considered in this dissertation. 
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Figure 17. (a) Transmittance of VO2 thin films at cryogenic temperatures, (b) transmittance 

of VO2 thin films for high temperatures. 

 

In this chapter, a facile and repeatable technique for stoichiometric VO2 was 

developed. The resulting thin films were characterized and models were presented to 

describe the VO2 optical properties in the insulating, transition, and metallic phases. The 

temperature-dependent optical properties and thermal performance were also measured to 

demonstrate the potential for dynamic radiative cooling applications. The nature of the 

transition hysteresis was also elucidated for partial heating of the VO2 thin films samples. 

Finally, the temperature stability and thermal cycling durability of the fabricated VO2 thin 

films was examined with temperature-dependent FTIR measurements in vacuum. The 

results from these measurements indicate good potential for VO2 to be used in dynamic 

thermal control applications, laying a foundation for the development of the VO2-based FP 

emitter coating discussed in the next chapter.  
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CHAPTER 4 OPTICAL CHARACTERIZATION AND EXPERIMENTAL 

DEMONSTRATION OF VARIABLE FABRY-PEROT EMITTER 

 This chapter discusses the sample fabrication, optical characterizations, and 

thermal performance for the FP emitter sample presented in Chapter 2.  In Chapter 2, a 

silicon spacer inserted between a VO2 thin film and an aluminum substrate was proposed 

as a variable emittance coating for dynamic radiative cooling applications. Additional 

studies have also proposed VO2-based dynamic radiative cooling coatings for spacecraft 

applications. Sun et al. [104] fabricated a meta-OSR based on VO2 that achieves a 

substantial increase in emittance upon VO2 phase transition, however the emittance is not 

selective in the atmospheric window and the metasurfaces are fabricated via electron beam 

lithography, which is typically costly over large areas. Several studies have also 

investigated the performance of VO2-based thin film designs. For example, Tazawa et al. 

[105], [106] simulated SiO/V1-xWxO2/blackbody and SiO/V1-xWxO2 stacks whose steady-

state temperature could be tuned by altering the proportion of tungsten. In a recent work, 

Kort-Kamp et al. [107]  designed a multilayered thin film stack with multiple layers of VO2 

that offered a considerable change in emittance. Ono et al. [108] designed a Fabry-Perot 

emitter consisting of a VO2 thin film, MgF2 spacer and a tungsten substrate with a top solar 

reflector that achieved excellent radiative cooling performance. Although the results from 

these theoretical studies show great promise for dynamic radiative cooling with VO2 thin 

films, several challenges exist with the fabrication and experimental demonstrations of 

these devices. The designed devices require either many layers or thick layers (<1 µm) 

which are difficult to fabricate. Hendaoui et al. [109] fabricated a Fabry-Perot emitter with 



51 
 

a SiO2 spacer that achieved excellent performance for dynamic spacecraft thermal control, 

however the phonon modes in the spacer material prevent the device from achieving 

spectral selectivity in the atmospheric window. The emitter sample studied in this 

dissertation work consists of an aluminum mirror, a silicon spacer, and a VO2 thin film, 

respectively fabricated using electron beam evaporation, RF magnetron sputtering, and a 

furnace oxidation technique [110]. The high refractive index of the silicon enables a much 

smaller spacer thickness to be used, while the lack of strong phonon modes in the infrared 

regime makes it possible to achieve spectral selectivity in the atmospheric window. 

Sputtering is also employed in industry to fabricate coatings on large areas and non-planar 

geometries. The VO2 and silicon layers can be applied to both aluminum structures and 

flexible foils with vapor deposited aluminum, which are extensively used in the aerospace 

industry. 

 In addition to the fabrication and temperature-dependent optical characterization of 

the proposed Fabry-Perot emitter, this chapter will also discuss two calorimetry-based 

thermal measurements that simulate a building ambient temperature and the space 

environment, respectively. In each case, the steady-state variable heat rejection of the 

fabricated sample will be experimentally demonstrated and compared to the theoretical 

performance. The effect of partial heating and cooling on the hysteresis for the Fabry-Perot 

coating will also be demonstrated with the cryothermal experiment that simulates the space 

environment. The effectiveness of the coating for both terrestrial and extraterrestrial 

dynamic radiative cooling is also predicted. Finally, the cryogenic and high-temperature 

stability of the proposed coating will be investigated.  
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4.1 Fabrication and Infrared Spectrometric Characterization 

A well-performing selective radiative cooling coating should have high infrared 

emittance at high temperatures and low IR emittance at low temperatures (Figure 18a). The 

coating should have selectively high emittance around λ = 10 µm, which corresponds to 

the peak thermal emission of a body at room temperature. To achieve this selective 

behavior, the coating structure proposed in Chapter 2 is a Fabry-Perot (FP) resonance 

cavity consisting of: an opaque aluminum substrate mirror, a silicon spacer with 500 nm 

thickness, and a 60-nm-thick VO2 thin film. When the VO2 is metallic, the FP cavity is 

formed and the structure has high broadband emittance around the target wavelength 

(Figure 18b). The emission enhancement also spans the 8-13 µm atmospheric window, 

which is desirable for building cooling. On the other hand, when the VO2 is insulating at 

low temperatures, the emittance of the metafilm structure is minimized (Figure 18c), as the 

VO2 and silicon layers are semi-transparent, while the aluminum substrate is highly 

reflective. This change in emittance yields temperature-dependent heat rejection that can 

be used to design dynamic thermal management systems. 
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Figure 18. Schematics of (a) dynamic radiative cooling, and behaviors of the tunable 

metafilm emitter with (b) metallic VO2 at high temperatures or (c) insulating VO2 at low 

temperatures. 

 

Figure 19 illustrates the final fabrication process developed for the VO2-based 

tunable metafilm emitters using electron beam evaporation, RF magnetron sputtering, and 

thermal oxidation techniques. First, 200 nm of aluminum was deposited via electron beam 

evaporation (Lesker PVD75 Electron Beam Evaporator) from aluminum pellets (99.99% 

pure, Kurt J. Lesker Co) onto 385-µm-thick double-side-polished lightly-doped silicon 

substrates (Virginia Semiconductor, ρ > 20 Ω-cm) of 1 inch squares. The silicon substrates 

were pre-cleaned with isopropyl alcohol and blow dried with compressed nitrogen gas. The 

base pressure of the deposition chamber was 1×10-6 Torr and the rate was maintained at 

2.5 Å/s throughout the deposition. After the aluminum deposition, a silicon spacer was RF 

magnetron sputtered (Lesker PVD75 Sputterer) onto the aluminum substrate layer from an 
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undoped monocrystalline silicon target (Kurt J. Lesker Co., ρ > 1 Ω-cm). The base pressure 

of the sputtering chamber was 5 × 10-7 Torr and the deposition pressure was 3.0 mTorr. A 

power of 135 W was used for the deposition, which yielded a silicon deposition rate of 0.4 

Å/s. Due to concerns with substrate heating, the silicon was deposited in three 150-200 nm 

intervals, with half an hour allotted for substrate cooling in between each interval. The 

vacuum remained unbroken throughout the entire silicon spacer deposition. Two samples 

were fabricated with slightly different Si spacer thicknesses of 430 nm and 500 nm 

respectively for Sample 1 and Sample 2. Finally, a VO2 thin film of the same thickness was 

prepared for both samples using a two-step thermal oxidation process [111]. In the first 

step, a pure vanadium film was deposited using electron beam evaporation (Lesker PVD75 

Electron Beam Evaporator). Then the vanadium precursor thin film was oxidized in a tube 

furnace (Thermco Minibrute) at 300 °C for 3 hours. The O2 flow rate was 0.5 SLPM and 

the N2 flow rate was 60 SLPM throughout the oxidation.  

Figure 19. Fabrication processes for the tunable metafilm emitter (Sample 2): (1) a 200-

nm-thick aluminum mirror is deposited by electron beam evaporation; (2) a 500-nm-thick 

silicon spacer is RF magnetron sputtered onto the substrate mirror; (3) a 60-nm-thick 2 thin 

film layer is prepared via a two-step furnace oxidation method. 
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 One concern with using sputtered silicon was that the roughness of the sputtered 

film may lead to some discrepancies between the predicted performance and the 

experimental results. The topology of the film was examined via scanning electron 

microscopy (SEM) as shown in Figure 20(a). Further, the surface roughness of the silicon 

film was evaluated by an atomic force microscopy (AFM) measurement as shown in Figure 

20(b), where the root-mean-squared (RMS) surface roughness of the Si film was 

determined to be 4.66 nm from the AFM topography measurement (Bruker Multimode). 

This value is comparable to the RMS roughness of the VO2 from the thermal oxidation 

method [111] and is not believed to cause considerable scattering in the mid-infrared.  

 

Figure 20. (a) SEM image and (b) AFM measurement for the sputtered silicon spacer on 

the 200-nm aluminum film and lightly doped silicon substrate. 

 

To examine the optical quality of the sputtered silicon, the refractive index (n) and 

extinction coefficient (κ) in the infrared from 2 to 20 µm in wavelength were fitted from 

the modeling based on the spectral reflectance ( 𝑅𝜆
′ ) and spectral transmittance ( 𝑇𝜆

′ ) 
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measured by FTIR at room temperature. The 500-nm sputtered silicon layer was prepared 

on an insulating 60-nm vanadium dioxide layer deposited on an undoped silicon substrate 

(Figure 21a). The measured infrared radiative properties of this sample are presented in 

Figure 21(b). The optical model combined thin-film optics for the sputtered Si layer and 

insulating VO2 film with ray tracing for the 500-µm-thick undoped Si substrate [87] as: 

 𝑇𝜆
′ =

𝜏𝑎𝜏𝑠𝜏

1−𝜌𝑠𝜌𝑏𝜏2  (28) 

 𝑅𝜆
′ = 𝜌𝑎 +

𝜌𝑠𝜏𝑎
2𝜏2

1−𝜌𝑠𝜌𝑏𝜏2  (29) 

where τa is the transmittance from the air through the silicon and vanadium thin films, τs is 

the transmittance from the bottom interface of the silicon substrate to the air, ρs is the silicon 

substrate-air interfacial reflectance, and ρb is the reflectance from the silicon substrate 

incident on the two thin films. Thin-film optics was used to determine τa and ρb. On the 

other hand, τs and ρs were calculated from Fresnel’s equations. Finally, the internal 

transmittance coefficient (τ) is given by: 

 𝜏𝜆
′ = 𝑒𝑥𝑝( −

4𝜋𝜅𝑑

𝜆 𝑐𝑜𝑠 𝜃2
)  (30) 

Note that the optical constants of the VO2 film prepared by the furnace oxidation method 

were obtained in Chapter 3. Therefore, the refractive index (n) and extinction coefficient 

(κ) for the sputtered silicon layer are the only unknowns in the above system.  

Figure 21(c) shows that the fitted refraction index for the sputtered silicon is about 

3.4 over the infrared spectrum, which is consistent with the well-studied properties of 

undoped silicon wafers [92]. Figure 21(d) shows the fitted extinction coefficient for the 
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sputtered silicon, which is likewise consistent with the typical properties of undoped 

silicon, except for in the longer wavelengths, where the extinction coefficient is slightly 

elevated. This may help to explain higher than expected emittance later on in the longer 

infrared wavelengths for the sample measurement at high temperatures. 

 

Figure 21. (a) Sample used to fit the optical properties for the sputtered silicon, (b) FTIR 

transmittance (black) and reflectance (red) measurements, (c) refractive index, n, and (d) 

extinction coefficient, κ, for the sputtered silicon. 

 

 The specular near-normal spectral reflectance of the fabricated emitter sample was 

measured using a Harrick Seagull reflectance accessory in a Thermo Scientific iS50 
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Nicolet FTIR spectrometer. The measurement was averaged over 32 scans, with a 

resolution of 16 cm−1. A heater stage was used to vary the sample temperature from room 

temperature up to 100°C with an accuracy of 1.5°C from a K-type thermocouple. After the 

sample temperature reached the set-point, 10 minutes were allotted for the sample to reach 

steady state before the measurement was taken. Figure 22(a) shows the spectral near-

normal reflectance at room temperature (i.e., 20°C) and 100°C for two fabricated samples. 

At room temperature, the reflectance is over 90% for nearly all of the mid-infrared 

wavelength range, indicating that the emittance, which is 𝜀𝜆
′ = 1 − 𝑅𝜆

′  for opaque samples, 

is less than 10% over most of the wavelength spectrum of interest. The reflectance dips 

near wavelengths λ = 9, 17, and 19 µm can be attributed to the phonons from the insulating 

VO2 [111], while the larger reflectance dip near 7 µm in wavelength can be explained by 

weak FP resonance due to the index mismatch between air and the silicon spacer [82]. On 

the other hand, at 100°C, the spectral reflectance is only 5% near λ = 9 µm, indicating that 

the emittance is 95%. The experimentally observed variable emittance fits well with the 

expected behavior for dynamic radiative cooling (i.e., low emittance at low temperatures 

and high emittance at high temperatures). The spectra for both samples exhibit the same 

pronounced emission peak when the VO2 is metallic, indicating good consistency between 

samples. The theoretical spectral normal reflectance was calculated via thin-film optics 

[87] for the fabricated tunable metafilm emitter (Sample 2), where the layer thicknesses 

were taken to be the measured thicknesses of the fabricated structure. The optical properties 

of the aluminum layer are determined from the Drude model with constants from Ref. [87]. 

The optical properties for the sputtered silicon and VO2 layers were respectively fitted in 
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this chapter and in Chapter 3. Previous calculations also showed that the emitter was diffuse 

such that the total normal emittance and the total hemispherical emittance were nearly 

identical [82]. The theoretical temperature-dependent spectral reflectance of the fabricated 

emitter is plotted in Figure 22(b). At high temperatures, the metallic VO2 along with the 

Al mirror form strong FP resonance inside the Si spacer. However, based on the thickness 

of the silicon spacer deposited for the fabricated sample, the theoretical emittance peak is 

located at ~6 µm, rather than the nearly 10 µm from the FTIR measurement, which might 

be due to temperature-induced phenomena either inside the sputtered silicon or inside the 

silicon-VO2 interface upon heating. Both the theoretical and the experimental results show 

a near-unity peak in emittance upon phase transition. The evolution of the spectral normal 

emittance as the temperature is increased from room temperature to above the VO2 phase 

transition is shown for Sample 2 (ds = 500 µm) in Figure 22(c). One interesting 

characteristic to note is that the VO2 layer transitions at a lower temperature in the shorter 

wavelengths, as evidenced by the quick rise of the emittance in the 5 m to 10 µm 

wavelength range. At 75 °C, the VO2 has completed its transition in all wavelength regimes, 

which can be seen by comparing the emittance at 75 °C and that at 100 °C. The total normal 

emittance εN of the fabricated sample is calculated via [32]:  

 𝜀𝑁 =
∫ 𝜀𝜆

′ (𝑇,𝜆,𝜃=0)𝐸bλ(𝑇,𝜆)𝑑𝜆
20 μm

2.5 μm

∫ 𝐸bλ(𝑇,𝜆)𝑑𝜆
20 μm

2.5 μm

         (31) 

where Ebλ is the spectral blackbody emissive power. As shown in Figure 21(d), the total 

emittance is low (i.e., 0.14) at temperatures below the VO2 phase transition, upon which 

the total emittance increases to 0.60, making this thermochromic emitter a promising 

candidate for dynamic thermal control applications.  
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Figure 22. (a) Measured spectral reflectance of two fabricated tunable metafilm emitters at 

20°C and 100°C (Sample 1 and Sample 2 respectively have a spacer thickness of 430 nm 

and 500 nm), (b) calculated spectral reflectance, (c) measured temperature-dependent 

spectral emittance, and (d) total normal emittance with temperature for Sample 2. 

 

4.2 Bell Jar Thermal Test for Terrestrial Radiative Cooling 

The variable heat rejection of the fabricated VO2-based tunable metafilm emitter 

was demonstrated via a thermal measurement in vacuum, where Figure 23(a) illustrates the 

thermal vacuum measurement setup placed inside a 2 ft diameter bell jar vacuum chamber 

(Kurt J. Lesker Co.). The sample mount consisted of a 1'' × 1'' copper block which was 
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adhered to an identically sized kapton patch heater (Omega Inc.). The bottom surface of 

the patch heater was covered by aluminum foil to reduce the radiative loss. The emitter 

sample was placed on top of a copper block for uniform heating, while thermal paste 

(Ceramique Arctic Silver) was used at every interface to minimize the contact thermal 

resistance. A K-type thermocouple was inserted into the copper block to measure the 

sample temperature (Ts) and the wall temperature of the stainless-steel vacuum chamber 

(Tw = 20 C) was also monitored with another thermocouple. Due to the high thermal 

conductivity of the copper and the minimized contact thermal resistance, the sample 

temperature was assumed to be equal to the copper block temperature at steady state, which 

was defined by a less than 0.5 °C temperature change in 10 minutes. Electrical power was 

supplied to the patch heater in 0.5 V increments from 0 V to 9 V using a DC power supply 

(Keithley 2230-30-1), and the current I was measured to calculate the corresponding heater 

power from Qheater = I2R, where the heater resistance R was measured separately with a 

digital multimeter at room temperature. 

In addition to the fabricated tunable VO2 metafilm emitter (Sample 2), three other 

materials were also measured in the thermal vacuum emission tests for comparison. An 

aluminum mirror with a 200-nm-thick Al film deposited on a polished silicon wafer with 

nearly zero infrared emissivity represented the worst radiative cooling case, while a black 

sample (Acktar, Metal Velvet) with almost unity infrared emissivity was considered the 

best thermal emitter. It is expected that, for a given heater power, the aluminum should 

reach the highest steady state surface temperature while the black sample should reach the 

lowest, setting the upper and lower bounds for the thermal emission test. A double-side-
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polished heavily-doped silicon wafer (Virginia Semiconductor, ρ < 0.005 Ω-cm) was also 

measured as a reference static emitter with negligible change in spectral emittance from 

room temperature up to 100C to compare with the tunable VO2 metafilm emitter with 

temperature-variable emittance. The spectral emittance of all three reference samples was 

measured via FTIR at room temperature as shown in Figure 23(b), making it possible to 

calculate their total emittance at a given temperature. 

Figure 23(c) shows the steady-state sample temperature reached as a function of 

heater power input for all four samples. At low heater power, the VO2 metafilm emitter 

achieved a steady-state temperature close to the aluminum mirror, since the total emittance 

is low (i.e., 0.14) at temperatures below the phase transition. As the sample was heated 

beyond the onset of the VO2 phase transition around 60°C, the behavior changed abruptly 

and the VO2 steady-state temperature trended sharply towards the behavior of the heavily-

doped silicon sample, since the emittance of the tunable metafilm was significantly 

increased due to the strong FP resonance with the metallic phase of VO2. Once the tunable 

metafilm sample was heated beyond the completion of the VO2 transition, the trend 

changed again as the spectral emittance became static with high total emittance around 

0.60 at 60°C. 

The radiated heat flux of each sample can be determined from the experimental 

results and heat transfer model. As illustrated in Figure 23(a), the energy balance for the 

sample and mount at steady state is: 

  𝑄heater − 𝑄rad − 𝑄cond − 𝑄sides − 𝑄bottom = 0 (32) 
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where Qheater is the heater power input, Qrad is the heat radiated from the sample surface, 

Qcond is the conduction loss through the pins used to mount the sample, Qsides is the radiative 

loss from the sides of the sample mount, and Qbottom is the radiative loss from the bottom 

of the sample mount. As the three major loss mechanisms were all dependent on the sample 

temperature, they can be combined into a total heat loss term as: 

                                        𝑄loss = 𝑄cond + 𝑄sides + 𝑄bottom (33) 

The temperature-dependent heat loss Qloss was obtained by fitting the experimental data 

from the aluminum sample as a function of sample temperature Ts. The aluminum sample 

was chosen to fit Qloss due to its extremely low total emittance (εAl = 0.03) such that most 

of the heater power was dissipated through the losses. Thus, Qloss was calculated from: 

   𝑄loss(𝑇s) = 𝑄heater − 𝜎𝜀Al𝐴s(𝑇s
4 − 𝑇w

4)  (34) 

where σ is the Stefan-Boltzmann constant, and As is the sample surface area (i.e., 1 inch 

square). A linear fit, Qloss = aTs + b, was applied with the constants obtained as a = 0.0055 

and b = 0.1113, to describe the Qloss as a function of steady-state sample temperature as 

shown in Figure 23(d). With fitted expression for Qloss(Ts), the experimental radiated heat 

flux from other samples including the tunable VO2 metafilm, black sample, and doped 

silicon, can be calculated via: 

 𝑄rad(𝑇s) = 𝑄heater − 𝑄loss(𝑇s)  (35) 

Figure 23(e) shows the heat flux, q = Qrad/As, emitted by the surface of each sample 

measured at different steady-state sample temperatures Ts. As expected, the black sample 

has the highest emitted heat flux, while the aluminum has the lowest one. At temperatures 
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below the VO2 transition temperature regime, the tunable metafilm emitter exhibits little 

heat rejection, as is desired at low temperatures, due to its low thermal emittance. As the 

temperature increases through the phase transition range, the emitted heat flux trends 

sharply upwards as the emittance of the tunable VO2 metafilm increases. Finally, at 

temperatures beyond 75 °C, the slope of the emissive power with respect to temperature 

decreased as the tunable metafilm emitter completed the phase transition, since its spectral 

emittance became static again with a maximum total emittance value of 0.60. Note that for 

each sample, three independent thermal vacuum tests were performed with the steady-state 

temperatures averaged to calculate Qrad. The uncertainty of the thermal vacuum tests was 

considered from both statistical variation uA, calculated as the standard deviation of the 

three tests, as well as system error uB, obtained by the error propagation analysis from the 

accuracy of the current, heater resistance, temperature, and area measurements for Qrad. 

The unexpanded combined error 𝑢C = √𝑢A
2 + 𝑢B

2  is reported here. 

To validate the experimental results from the thermal vacuum tests, the theoretical 

radiative heat flux of each sample was also predicted. The total emittance ε is 0.685 for 

heavily-doped Si and 0.93 for the black sample [112], as determined by integrating the 

spectral emittance and spectral blackbody power at room temperature according to Eq. 30. 

By assuming the negligible change in the total emittance from room temperature to 100C, 

the theoretical radiative heat flux for the black sample and doped silicon can be simply 

obtained from 𝑄rad = 𝜎𝜀𝐴s(𝑇s
4 − 𝑇w

4). On the other hand, the theoretical radiative heat flux 

for the tunable VO2 metafilm emitter is calculated from: 
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 𝑞 = ∫ 𝜀λ(𝜆, 𝑇s
20 μm

2.5 μm
)𝐸bλ(𝜆, 𝑇s)𝑑𝜆 − ∫ 𝜀λ(𝜆, 𝑇s

20 μm

2.5 μm
)𝐸bλ(𝜆, 𝑇w)𝑑𝜆       (36) 

where ελ is the measured spectral emittance of the tunable VO2 metafilm emitter (Sample 

2) at a given temperature. From Figure 23(e), excellent agreement between the 

experimental results and theoretical calculations can be clearly observed for the black, 

doped silicon, and tunable metafilm emitter samples, within the uncertainty. 
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Figure 23. (a) Schematic for the thermal measurement (left) and heat transfer model (right), 

(b) spectral emittance for each reference sample measured at room temperature, (c) steady-

state temperature achieved for a given sample and heater power input, (d) linear fitting for 

Qloss as a function of sample temperature from the aluminum sample, and (e) the 

experimental (markers) and theoretical (solid lines) emissive power from each sample. 
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The wavelength-selective emittance peak in the 8 µm to 13 µm atmospheric 

window of the fabricated tunable metafilm emitter with metallic VO2 indicates great 

promise for radiative cooling for terrestrial applications. If solar heating and convective 

heat transfer are neglected, the terrestrial radiative cooling power of the coating (qrad,terr) 

can be calculated from [11], [22], [82]: 

 𝑞rad,terr = 𝑞rad,extraterr − 𝑞atm  (37) 

Note that qrad,extraterr is the extraterrestrial radiative cooling power to outer space at 3 K: 

 𝑞rad,extraterr = 𝜀𝑁𝜎𝑇4  (38) 

and qatm is the radiation absorbed from the atmosphere: 

 𝑞atm = ∫ 𝜀atm(𝑇atm, 𝜆)𝜀λ
′ (𝑇, 𝜆)𝐸bλ(𝑇atm, 𝜆)𝑑𝜆

20 μm

2.5 μm
     (39) 

where Tatm is taken as 300 K for the atmospheric temperature. The atmospheric emittance 

is given by 𝜀atm(𝜆) = 1 − 𝑡(𝜆), where t(λ) is the AM1.5 transmittance spectra of the 

atmosphere in the zenith direction. Figure 24 shows the predicted radiative cooling power 

for both the extraterrestrial and terrestrial cases, where a significant switch upon the VO2 

phase transition can be observed. For the extraterrestrial case, a cooling power difference 

of 510 W/m2 is achieved from 20 °C to 100 °C, whereas for the terrestrial case a cooling 

power difference of 445 W/m2 is achieved. This clearly indicates good potential to use the 

tunable VO2 metafilm emitter as a smart radiative cooling coating for both terrestrial and 

extraterrestrial thermal control applications. In practical systems, a solar reflector can be 

incorporated to minimize the solar absorption during daytime and maximize the 

performance of the VO2-based dynamic radiative cooler. Several studies have investigated 
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1D photonic crystals and nano-particle embedded top layers that have near ideal solar 

reflectance and IR transmittance [10], [11], [21], [108]. Simulations with these solar 

reflectors have shown that they have minimal impact on the IR performance of the radiative 

coating while reducing the solar absorption to near zero. Therefore, the radiative cooling 

performance of the VO2 FP emitter sample indicates good potential for use in both 

terrestrial and extraterrestrial thermal control applications. 

 

Figure 24. Calculated radiative cooling powers for extraterrestrial case to the outer space 

at 3 K (black line) and for terrestrial applications with ambient at 300 K (red line). 
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4.3 Cryothermal Test for Extraterrestrial Radiative Cooling 

 In addition to the ambient temperature bell jar experiment meant to simulate 

terrestrial applications, a cryothermal measurement was also developed to demonstrate the 

performance of the fabricated FP emitter in a “space-like” environment. A Janis VPF-800 

liquid nitrogen cooled cryostat (Figure 25a) was used to conduct the variable heat rejection 

thermal measurement. The vacuum pressure was maintained below 1 × 10-3 Torr 

throughout the experiment to minimize convection. Figure 25(b) shows the schematic for 

the thermal vacuum measurement. The sample is secured with thermal paste (Ceramique 

Arctic Silver) to a 1” × 1” copper plate with a K-type thermocouple inserted, which is used 

to monitor the sample temperature. A 1” × 1” kapton patch heater is secured to the opposite 

face of the copper, where the exposed surface of the heater is covered by aluminum foil to 

minimize the radiation losses from the back side of the sample mount. The sample mount 

consisting of the sample, copper plate, and heater is pinned to the sample holder using 

needles to minimize the conductive heat transfer between the sample mount and cold finger. 

The needles were inserted into L-shaped brackets that bolted onto the cryostat cold finger. 

The 2” × 2” cold finger surface was covered by black Acktar to achieve an emissivity near 

unity, where the black surface was also secured by thermal paste (Ceramique Arctic Silver). 

The cold finger and sample mount were spaced such that the view factor from the sample 

surface to the cold finger was approximately equal to 1. The temperature of the cold finger 

was monitored using two E-type thermocouples (one at the top and one at the tip of the 

coldfinger surface) and was maintained between 77 K and 85 K throughout the experiment.  
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 The heater power to the sample mount was increased in small increments for each 

sample and the steady-state temperature was observed for each heater input. Steady-state 

temperature is considered to be when the sample temperature has changed by less than 

0.2 °C over 5 mins. Figure 25(c) shows the steady-state temperature achieved by each 

sample for a given heater input. As seen in the figure, each sample underwent three trials 

to ensure repeatability of the measurement results. As expected, the aluminum mirror 

achieved the highest steady-state temperature due to its low emissivity and minimal heat 

rejection (Figure 25d). The black sample achieved the lowest steady-state temperature due 

to its high emissivity and resulting high rejection. At low temperatures, the variable emitter 

sample exhibits behavior similar to the aluminum mirror due to its low emittance at low 

temperatures. As the temperature increases beyond the onset of the VO2 transition range, 

the trend shifts as the emittance starts to increase. After the VO2 transition is complete, the 

trend shifts again, exhibiting behavior more similar to the black Acktar due to its high 

emittance.  

 As with the ambient temperature bell jar set-up, the energy balance of the sample 

mount is described as: 

𝑄heater = 𝑄rad + 𝑄sides + 𝑄bot + 𝑄cond   (40) 

where Qheater is the heat supplied by the heater, Qrad is the heat emitted from the sample 

surface to the black cold finger, Qsides is the radiative heat loss from the sides of the sample 

mount, Qbot is the radiative heat loss from the bottom of the sample mount, and Qcond is the 

heat loss through the needles used to pin the sample mount in place. Since Qsides, Qbot, and 
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Qcond are independent of the sample being measured, they can be combined in a single loss 

term, Qloss, that is only a function of the steady-state temperature. 

      𝑄loss = 𝑄sides + 𝑄bot + 𝑄cond    (41) 

So then the energy balance for the sample mount in steady state becomes: 

            𝑄heater = 𝑄rad + 𝑄loss    (42) 

The heater power is measured in the experiment and the loss term can be fitted using a 

reference sample. The aluminum sample was chosen as the reference due to its low heat 

rejection. Since the heat rejection is minimal, most of the heater input power is lost via 

conduction through the needles, as well as radiation from the bottom and sides of the 

sample mount. Given the theoretical emittance of the aluminum, as in the previous section, 

the loss term as a function of steady-state temperature can be determined for the 

cryothermal sample mount (Figure 25d). This expression, Qloss = 0.007Ts + 0.46, can be 

used to find the radiated heat flux from the sample surface for the VO2 FP emitter and black 

sample. The temperature-dependent shift in heat flux is readily apparent for VO2 in Figure 

25(e), where is switches rapidly from 150 W/m2 at the onset of the VO2 phase transition at 

60 °C, to 450 W/m2 at the conclusion of the VO2 phase transition at approximately 80 °C. 

On the other hand, the other two samples showed a linear increase in heat flux with 

temperature, as expected for static emittance coatings.  

The experimental performance of the FP emitter and black sample is also in good 

agreement with the theory, as seen in Figure 25(e). The contribution from the 77 K cold 
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finger radiative sink is assumed to be negligible, therefore the radiative heat flux from the 

coating surface can be calculated as: 

𝑄rad = 𝜎𝜀𝐴s(𝑇s
4 − 𝑇w

4)    (43) 

The variable heat rejection observed for the VO2 FP emitter in the “space-like” 

cryothermal experiment indicates good potential for the Fabry-Perot coating to be used in 

spacecraft thermal control applications. A practical concern is the hysteresis behavior of 

the Fabry-Emitter coating during partial heating and cooling cycles. The Fabry-Perot 

emitter was heated to one quarter and one half of the way through the VO2 transition 

temperature regime to illustrate the hysteresis behavior. In Figure 26, the radiated heat flux 

as a function of steady-state temperature can be seen for the Fabry-Perot sample, with the 

red solid curve representing the full VO2 phase transition, the black dash dotted curve 

representing the cooling hysteresis when the VO2 is heated one quarter of the way through 

the transition, and the blue dashed curve representing the cooling hysteresis when the VO2 

is heated one half of the way through the transition. Similar to the VO2 thin films, a 

proportional expression can be introduced to describe the emittance hysteresis of the VO2 

Fabry-Perot emitter for cooling after partial heating. 

     
𝜀f(𝑇)−𝜀i

𝜀m−𝜀i
=

𝜀p(𝑇)−𝜀i

𝜀p(𝑇h)−𝜀i
     (44) 

where εp(T) is the emittance during cooling after the partial heating for a given temperature 

T, εf(T) is the emittance for the full cooling curve at temperature T, εi is the emittance when 

the VO2 is insulating at low temperatures, εm is the emittance when the VO2 is metallic, and 

εp(Th) is the emittance when the VO2 was partially heated to temperature Th. 
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Figure 25. (a) Photo of the cryothermal vacuum experiment set-up, (b) experiment 

schematic, (c) steady-state temperature achieved by each sample trial as a function of input 

heater power, (d) total normal emittance for the measured samples, (e) heat loss term fitting 

to the aluminum sample, and (f) temperature-dependent heat rejection for the measured 

samples.  
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Figure 26. Partial heating and cooling hysteresis of Fabry-Perot emitter measured from the 

cryothermal experiment. 

 

 

Figure 27. Before and after FTIR measurements for: (a) 77 K cryogenic cold soak and (b) 

200 °C high temperature soak. 

 

As with the VO2 thin films, the temperature stability of the FP emitter sample is 

assessed for both cryogenic and high temperatures. Sample 1 was cleaved into two pieces, 
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used to test the cryogenic and high temperature stability, respectively. First the “before” 

spectral reflectance was measured at both room temperature, T = 20 °C, and at high 

temperature, T = 100 °C, past the VO2 transition range. Then the samples were placed in 

the FTIR cryostat and were cooled or heated for 4 hours under vacuum. Figure 27(a) shows 

the before and after reflectance measurements for the FP emitter piece that was cooled, 

while Figure 27(b) shows the before and after measurements for the piece that was heated. 

From both figures, it is clear that the reflectance has not substantially changed for both the 

insulating and metallic VO2 phases, indicating excellent temperature stability within the 

temperature range of interest for spacecraft thermal control. 

 Several challenges remain to be overcome before VO2-based tunable emitters are 

practical for spacecraft or building thermal control. Foremost, the VO2 phase transition 

temperature must be reduced to near room temperature for the coating to be practical for 

building thermal control applications, which might be achieved via impurity doping [46], 

[65], [78], [113], [114] and defect engineering with argon ion irradiation [57], [115]. 

Another concern is the durability of the VO2 thin films under heating, humidity, and other 

relevant environmental factors [116]. Despite the remaining concerns that must be 

addressed, thermochromic tunable emitters have the potential to be useful for energy 

conservation in buildings and spacecraft thermal control by varying their heat rejection 

according to changing environmental conditions. 
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CHAPTER 5 THERMAL SYSTEMS MODELING FOR SPACECRAFT 

APPLICATIONS 

 In this chapter, a representative thermal model is developed to help determine what 

minimum performance the variable emittance must have to be useful for spacecraft thermal 

control applications. As part of this dissertation work, a representative human spacecraft 

modeling effort was undertaken to determine requirements for the variable emitter and to 

investigate its potential impact for human spaceflight vehicles. There are four major 

objectives for this modeling effort: 

1. Determine what transition temperature range is required for human spaceflight 

applications 

2. Determine the minimum emittance change required to achieve an acceptable 

turndown 

3. Identify what types of missions would or would not benefit from variable emittance 

4. Identify the most effective radiator designs for variable emitters 

First, a simple steady-state hand calculation was performed in MATLAB to assess the 

transition temperature and emittance change needs for a representative human spaceflight 

mission. Then the assessment was broadened to include alternative radiator and thermal 

control configurations. The final analysis will include transient modeling of the VO2-based 

variable emittance coating.  
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5.1 Steady-State Analysis of a Simple Variable Emittance Radiator 

The spacecraft is assumed to be cylindrical with a diameter of 5 m (based on the 

current design for the Orion capsule) with body-mounted radiators fixed to the lateral 

surface of the cylinder. The radiator surface is discretized into 360 panels along the 

circumference of the cylinder [117], and each panel is further discretized into 10 blocks 

along its length. Figure 28 shows the discretization for the representative human spacecraft. 

 

Figure 28. (a) Body-mounted radiator discretization for the cylindrical representative 

human spacecraft and (b) Radiator panel discretization into blocks with temperature-

dependent emissivity. 

   

The fluid lines are assumed to be a single path from one cylinder base to the opposite base. 

The flow path is as follows: (1) the total mass flow rate flows through a spacecraft heat 

exchanger which rejects Qload = 8500 W to the working fluid, (2) the fluid is split evenly 

among the radiator fluid lines, (3) the 8500 W is rejected across all 360 panels, according 

to their surface temperature, (4) after the outlet of the radiator panels, the fluid is combined 

into a single line with the total mass flow, and (5) the fluid returns to the heat exchanger. 
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Figure 29(a) shows the fluid path through the spacecraft heat exchanger and the radiator 

panels. 

  The radiator is sized according to the hot case (Figure 29b), where a flat radiator 

perpendicular to the incident solar rays is considered.  The temperature of the radiating flat 

panel was taken to be an average of the initial inlet temperature and the desired outlet 

temperature, 𝑇𝑟𝑎𝑑 =
(𝑇𝑖𝑛−𝑇𝑜𝑢𝑡)

2
. The sink temperature, T∞, is then calculated from: 

 𝑇∞ = (
1

𝜎
(

𝛼

𝜀
𝑞sol + 𝑞IR))1/4  (45) 

where σ is the Stefan-Boltzmann constant, ε is the high temperature emissivity of the 

variable radiator, and α is its absorptivity. The incident solar heat flux, qsol, is taken as 432.5 

W/m2, which is the average heat flux over the lateral face of a cylinder where one half of 

the cylinder is shaded. For the initial study, the incident infrared heat flux, qIR, is neglected. 

From the sink temperature, the radiator area, ARad is then sized by: 

 𝐴Rad =
𝑄load

𝜀𝜎(𝑇Rad
4 −𝑇∞

4)
  (46) 

The variable emittance is modeled with a simple linear relation in the transition regime, 

with no hysteresis considered. Below the transition temperature lower bound, Tlow, the 

coating has low emissivity, εlow. Above the transition temperature upper bound, Thigh, the 

coating has high emissivity, εhigh. The emissivity in the transition regime is modeled as ε(T) 

= mT+b.  The envelope considered for the four coating parameters is: 

1. εlow can vary between 0.3 and 0.6 

2. εhigh can vary between 0.6 and 0.9 

3. Thigh must be between 4 and 20 degrees higher than Tlow 
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This envelope is based on fabrication limitations and what seems possible based on the 

literature. With all of these elements in hand, a steady-state MATLAB code was developed 

to predict the radiator exit temperature (parameter of interest for human spaceflight 

applications) based on the four coating parameters listed above and the given heat load. 

The flowchart for the code is shown in Figure 30. 

 

Figure 29. (a) Flow path of the representative human spacecraft and (b) cases considered 

for the study. 
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Figure 30. Flow chart for MATLAB code logic. First the temperature at the start and at the 

end of each radiator block is determined, and then the emissivity is updated based on the 

average temperature. The outlet temperature is determined for each radiator panel along 

the circumference of the cylinder and the new radiator inlet temperature is calculated based 

on the heat load input from the spacecraft heat exchange. This routine is iterated until a 

steady state solution is found. 

 

The steady-state solution is found for both the hot case and the cold case in Figure 

29(b). The performance of the variable radiator is then compared against a static radiator 

with ε = εhigh and the same area to see the benefit over current technology. Figure 31 shows 

an example output for the model. In the hot case for both radiators, the maximum radiator 

outlet temperature occurs at a panel location of 90°, which is the subsolar point, or 

orientation exactly perpendicular to the incident solar rays. The variable radiator is shown 
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to run hotter than the static radiator in the cold case. This is because the emissivity at the 

end of the panels and on the cold of the cylinder is lower, so a high radiator area would be 

required to get the same outlet temperature as the static radiator. Therefore, the tradeoff for 

variable emittance radiators is potentially added radiator area to accommodate the hot case 

requirements versus turndown capabilities in the cold case. In the cold cases in Figure 31 

the outlet temperature is consistent along the circumference of the spacecraft because there 

is no environmental heat load being imposed. 

 

Figure 31. Radiator panel outlet temperature as a function of position on cylinder for (a) 

variable radiator in the hot case, (b) variable radiator in the cold case, (c) static radiator in 

the hot case, and (d) static radiator in the cold case. The boxed value is the average radiator 

outlet temperature for that scenario. The cold case considers 40% of the full spacecraft load. 
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The next step in this investigation was to determine the optimum transition temperature. 

There are two primary requirements for the optimization: 

1. The average outlet temperature must be between 0 °C and 10 °C 

2. The temperature of each radiator panel must be above -10 °C 

The first requirement is derived from the needs of cabin heat exchangers and the second 

requirement is intended to prevent freezing of the transport fluid, propylene glycol water, 

in the radiator. The variable to be optimized is the turndown percentage, or the percentage 

of the maximum load that can be reduced to while still meeting the requirements. The 

optimization employed was a simple field search, where the steady solution was 

determined for a mesh of Tlow and Thigh temperatures. The emissivities were not optimized 

since the solution for these is clear: the bigger the difference in emissivity the better, and 

the higher both values are the better. For the optimization in Figure 32, εlow = 0.3 and εhigh 

= 0.9, which represents the best possible emittance change expected from the fabricated 

coatings. The minimum turndown percentage is 40% for a transition from 7 °C to 11 °C. 

An interesting trend to note is that the best results are achieved with a very narrow transition 

range, which is something that could be addressed by changing the fabrication technique 

or the process conditions for the current furnace oxidation technique. Figure 32(b) shows 

the requirements that bound the search space. 
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Figure 32. (a) Surface plot for the optimization space considered and (b) contour plot of 

the optimization envelope with the requirement limits denoted. 
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5.2 Investigation on Alternative Radiator Geometries 

Additional investigations were done to assess what types of radiator geometries 

could best take advantage of variable emissivity technology. The previous section 

considered single flow radiator panels, with no thermal communication between panels. 

One idea to improve the radiator design was to have the fluid lines run along the 

circumference of the radiator, rather than from cylinder base to cylinder top. Figure 33(a) 

shows the configuration for the radial flow radiator. The MATLAB implementation for 

this geometry is similar to the implementation for the straight flow radiator, except that the 

panels are considered to be five circumferential fluid lines and the blocks are subdivided 

into 360 blocks along the circumferential line. 

   Figure 33(b) shows the outlet temperature of each block along the circumference 

of the cylinder and the corresponding emissivity for the optimized case. A lower turndown 

percentage of 35% is achieved for this geometry with a transition range of 8 °C to 13 °C. 

The behavior of the radial radiator did not seem to be as dependent on the location of the 

Sun as expected. The best performance was obtained with the subsolar point 90° clockwise 

from the inlet and outlet in Figure 33(a). Future alternative designs to consider may include 

counter-flow radiators, as well as other system elements like bypass valves, regenerators, 

etc. The results in this chapter provide a target transition temperature and minimum 

emittance change to aim for when designing variable emittance coatings for spacecraft 

thermal control applications. 
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Figure 33. (a) Diagram for radial flow radiator and (b) block outlet temperature and 

emissivity as a function of orientation. 
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CHAPTER 6 VARIABLE REFLECTANCE COATING FOR OPTICAL FORCE 

MODULATION 

The potential of VO2 for another spacecraft application, optical force modulation, 

is explored in this chapter. Optical force modulation can be useful for spacecraft 

micropropulsion and attitude control. First, vanadium dioxide thin films are prepared on 

quartz substrates using a simple two-step thermal oxidation technique [111]. The film 

composition is investigated using x-ray diffraction and Raman spectroscopy, while the 

temperature-dependent optical properties are measured via FTIR spectroscopy. The 

heating and cooling curves are presented to demonstrate both the transition temperature 

range and hysteresis effect in the visible and near-IR. The optical properties for both the 

insulating and metallic phases of the fabricated VO2 are fitted for the visible and near-IR 

wavelength ranges. Then the optical behavior of the VO2 at cryogenic and high-

temperatures is examined to elucidate the thermal stability of the fabricated films. Finally, 

a preliminary design for an optical force modulation coating is introduced and the 

performance is calculated both with properties available from literature, and from the 

properties derived from the furnace fabricated VO2. 

 

6.1 Visible and Near-Infrared Optical Characterization of Vanadium Dioxide Thin 

Films 

A large change in the VO2 transmittance is desired to facilitate the tunable behavior 

for optical force coatings for micropropulsion applications. For a variety of fabrication 

methods, VO2 has exhibited a significant chance in optical properties in the near-IR 
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wavelength regime. For example, Malarde et al. [118] fabricated VO2 on floating glass 

substrates via APCVD deposition which showed a 58% change in transmittance at a 

wavelength of λ = 2.5 µm for smart window applications. Similarly, Taha et al. [63] also 

fabricated VO2 on several substrates using DC magnetron sputtering and were able to 

achieve a 50% change in transmittance for their VO2 on quartz samples at λ = 2 µm. Chang 

et al. [68] also fabricated Cr2O3/VO2 bilayers via a low-temperature DC sputtering process 

with a V2O3 ceramic target which achieved a ~55% change at λ = 2 µm. The visible range, 

by comparison, changed little with temperature in each of these studies, however both the 

visible and near-infrared property change must be assessed to determine if VO2 is suitable 

for optical force modulation applications. In addition to the property fitting, the cryogenic 

and high-temperature stability is also of interest for spacecraft applications where the 

temperature of the modulating surface may vary considerably. 

 A 60-nm-thick VO2 thin film was fabricated on a 0.75” diameter, 0.50-mm-thick 

double side polished Z-cut quartz wafer (Precision Micro-Optics). First, 30-nm-thick pure 

vanadium was deposited onto the quartz substrate using electron beam evaporation (Lesker 

PVD75 Electron Beam Evaporator) from 99.99% pure 1/4” diameter 1/4” long vanadium 

pellets (Kurt. J. Lesker Co.). The deposition rate and chamber pressure were maintained at 0.7 

Å/s and 3 × 10-6 Torr, respectively, during the deposition process. After the pure metal 

deposition, the precursor film was oxidized at 300 °C for 3 hours in a Thermco Minibrute 

ambient pressure tube furnace to produce a 60-nm-thick VO2 thin film. Throughout the 

oxidation process, a mixture of 0.5 SLPM of pure O2 and a 60 SLPM N2 was flowed 

through the quartz tube. After the oxidation, the sample was allowed to cool in a pure N2 
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purge flow for 10 minutes in the cold end of the furnace. The composition change of the 

thin film from metallic vanadium to insulating VO2 is accompanied by a visual color 

change from grey to yellow. Figure 34(a) shows a photo of an unoxidized 30-nm-thick pure 

vanadium thin film (left) and the furnace oxidized vanadium dioxide film (right).  

The composition of the prepared thin film sample was characterized by XRD and 

Raman spectroscopy. Figure 34(b) shows the XRD pattern for the VO2 prepared on quartz 

substrate, where the peaks at the 2θ  angles  of 28°, 37°, 43°, 56°, and 65° are typical of 

polycrystalline vanadium dioxide [77]. There are no additional XRD peaks indicating the 

presence of other vanadium oxides, such as vanadium pentoxide (V2O5) or vanadium 

sesquioxide (V2O3), which do not contribute to the thermochromic switch of the fabricated 

thin film. Similarly, the Raman spectrum of the fabricated film as shown in Figure 34(c) was 

also measured with a 488 nm laser source and 100× objective (Renishaw InVia spectroscopy 

system), which was also consistent with  polycrystalline VO2. The thin film thicknesses of 

both the pure V metal (30 nm) and the VO2 (60 nm) were determined using a contact 

profilometer (Bruker Dektak) to measure the height of a step prepared on the quartz substrate 

during the sample fabrication before and after the furnace oxidation process. 
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Figure 34. (a) Photos of the pure vanadium metal film on a quartz substrate (left) and the 

yellow oxidized vanadium dioxide thin film on a quartz substrate (right). (b) XRD pattern 

and (c) Raman spectrum for the oxidized film with typical peaks for vanadium dioxide thin 

film on a quartz substrate (right). 

 

The temperature-dependent spectral transmittance at normal incidence was measured 

by a Fourier-transform spectrometer (Thermo Scientific, Nicolet iS50) with extended 

spectrum from mid-infrared to near-infrared and visible range enabled by a white light source 

and a quartz beam splitter. A silicon detector was used for the wavelengths from 400 nm to 1 

µm, while a DTGS detector captured the spectra at longer wavelengths from 1 to 2.5 µm, with 

each spectral measurement averaged over 32 scans at a resolution of 16 cm-1. The sample was 

mounted on the cold finger inside a variable-temperature cryostat (Janis, VPF-800-FTIR) 

optically coupled through quartz windows with the spectrometer, and the sample temperature 
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was accurately controlled in a wide range from 77 K to 800 K by a temperature controller 

(Lakeshore 335) along with liquid nitrogen and a built-in heater. Throughout the measurement 

the cryostat chamber was maintained at a vacuum pressure less than 1 × 10-4 Torr. 

Figure 35(a) shows the transmittance at room temperature when the VO2 is insulating, 

and also at 100 °C when the VO2 is metallic. Both the metallic and insulating VO2 have 40-

50% transmittance in the visible wavelengths, with the transmittance of the metallic phase 7% 

greater than the insulating phase. In the longer wavelengths, the fabricated VO2 achieved a 

transmittance change of 57% at λ = 2.5 µm. This large change in near-infrared transmittance 

suggests that the furnace oxidized VO2 would have considerable potential as a switching 

material for near-IR device applications. To investigate the nature of the insulator to metal 

phase transition of the furnace oxidized VO2 sample, the heating and cooling curves were also 

measured. The in-situ temperature-dependent transmittance spectra were taken incrementally 

between room temperature and 370 K. After each set-point temperature was reached, 15 

minutes were allotted for the sample temperature to stabilize at the set-point. Figure 35(b) 

shows the heating and cooling curves at a wavelength of λ = 2.5 µm for the VO2 thin film 

fabricated on quartz. The heating curve shows a typical VO2 transition temperature of 345 K, 

while the cooling curve shows a considerably lower transition temperature of 325 K, yielding 

a hysteresis of 20 K. 
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Figure 35. (a) Temperature-dependent spectral transmittance of the fabricated VO2 thin 

film on quartz in the visible and near-infrared wavelength ranges. (b) Heating and cooling 

transmittance curves for the fabricated VO2 at λ = 2.5 µm. 

 

The dielectric constants for both the insulating and metallic VO2 are fitted to a 

dispersion model [103] via a least-squares method by minimizing the objective function as:  

 2

exp theo
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N

k
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=

= −  (47) 

where Texp is the experimentally measured transmittance data at each wavelength with 

index k and Ttheo is the theoretical transmittance calculated by considering the sample as a 

thin film on an incoherent slab with ray-tracing optics [32], [87]: 
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where τ is the internal transmittance of the slab, τa is the transmittance from the air through 

the thin film layer, τs is the transmittance between the substrate and air below, ρs is the air-

substrate reflectance, and ρb is the reflectance for the slab-air interface. τa and ρs are 
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determined from Fresnel’s equations, while τs  and ρb  are determined from thin-film optics 

[87]. The optical properties of the quartz substrate are taken from Palik’s Handbook [90], 

while the VO2 optical properties are fitted to the Drude-Lorentz dispersion model [103], 

[119]: 
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where ε∞ is the high-frequency dielectric constant, ωn is the density parameter and ωc is the 

collision frequency for free carriers. Sj, ωj, and γj are respectively the high-frequency 

dielectric constant, phonon strength, phonon frequency, and damping coefficient for each 

oscillator. Four oscillators were used for the Lorentz term to achieve a satisfactory fit for 

both the metallic VO2 and insulating VO2. The least-squares parameter F was minimized 

according to ε∞, ωn, ωc, ωj, Sj, and γj using a genetic algorithm routine subject to bounds for 

each parameter. ε∞ was constrained to be between -10 and 10, ωn  and ωc were limited 

between 500 and 30000, and Sj and γj were set to be between 0 and 10. The phonon 

frequency was bounded between 500 and 30000 cm-1.  

 The fitted parameters for both the insulating and metallic VO2 are summarized in  

Table 6 and Table 7, respectively. Figure 36(a) and (b) show the comparison of the 

experimental data from optical measurements and the calculation results from the fitted 

model the spectral transmittance for wavelengths from 0.4 to 2.5 m for the insulating and 

metallic phases, respectively, where excellent agreement is clearly seen. The real and 

imaginary parts of the dielectric constants calculated from the dispersion model are shown 

in Figure 36(c) and (d) for both insulating and metallic VO2. Note that the optical properties 
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of fabricated VO2 depend significantly on the fabrication method used, and hence the 

dielectric constants should be determined based on the optical spectroscopic measurements 

for accurate modeling to facilitate the design of novel optical devices based on VO2 films 

fabricated using this simple furnace oxidation process. 

 

Table 6. Fitting parameters for the dielectric constants of fabricated VO2 film at the 

insulating phase in the visible/NIR range. 

Insulating VO2 Properties 

ε∞ ωc ωn 
Oscillator 

Index j 
Sj ωj γj 

5.16 27876 993 

1 0.2711 25948 1.1436 

2 0.2946 23277 0.0787 

3 0.5720 16158 1.3605 

4 0.7577 27127 0.7264 

5 0.5052 29574 0.6017 

6 0.0065 7733 0.9867 

7 0.0189 24330 1.1995 

8 0.6293 8652 0.7314 

 

Table 7. Fitting parameters for the dielectric constants of fabricated VO2 film at the metallic 

phase in the visible/NIR range. 

Metallic VO2 Properties 

ε∞ ωc ωn 
Oscillator 

Index j 
Sj ωj γj 

5.08 

 

 

 

 

 

  

7197 

 

 

 

 

 

  

24410 

 

 

 

 

 

  

1 0.06352 22043 0.6738 

2 0.82578 4639 0.8577 

3 0.75794 22149 0.2311 

4 0.09844 21208 1.8399 

5 0.85808 4715 0.4489 

6 1.63554 1634 1.7125 

7 0.20847 24103 0.3586 

8 1.16358 4292 1.0351 
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Figure 36. (a) Comparison between the fitted model (solid black) and the experimental data 

for insulating VO2 (dashed red). (b) Comparison between the fitted model (black) and the 

experimental data for metallic VO2 (dashed red). (c) Real part of the dielectric function for 

insulating and metallic VO2. (d) Imaginary part of the dielectric function for insulating and 

metallic VO2. 

 

Though it has not been previously studied, the thermal stability of VO2 films across 

a wide temperature range from cryogenic to high temperatures is of great interest for a 

number of applications, in particular for space applications like radiative thermal control 

and optical force modulation. The temperature-dependent spectral transmission provides a 

viable way to experimentally study the optical properties at different temperatures. First, 
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the behavior of the insulating VO2 thin film on quartz sample at cryogenic temperatures 

was investigated with the custom cryostat coupled with the spectrometer using liquid 

nitrogen to cool the sample down to a minimum temperature of 77 K. With a built-in heater, 

the sample temperature was sequentially held at 77 K, 150 K, 250 K, and 300 K for 15 

minutes at each temperature to ensure that the steady state was reached. Similarly, the VO2 

on quartz sample was heated beyond the phase transition at 373 K, 450 K, 550 K, 650 K 

and 750 K, where VO2 is in the metallic phase, to inspect its high temperature behavior. 

Figure 37 shows the temperature-dependent spectral transmittance in wavelengths from 0.4 

to 2.5 µm for cryogenic to high temperatures. As it can be seen, the spectral transmission 

for the insulating VO2 changes little (less than 3% variation) from 77 K to 300 K within 

the visible and near-IR. The metallic phase behaves similarly, with little change in spectral 

transmission (less than 10%) at high temperatures from 737 K to 750 K. The results clearly 

demonstrate the excellent thermal stability of VO2 thin films of both phases prepared from 

the furnace oxidation method, from cryogenic to high temperatures in vacuum conditions 

from visible to near-IR wavelengths. Note that there is a jump at a wavelength of 1 µm for 

the transmittance spectra at all temperatures. This is due to using different detectors above 

and below 1 µm, at which both detectors have low responsivity with relatively larger error 

(about 5%). 

Given the significant property shift in the near-IR, and the excellent temperature 

stability, the furnace prepared VO2 may have some potential as a tunable material for 

optical force modulation applications. In the next section, a preliminary design is proposed 
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and calculations are done for the performance with properties available from literature, and 

from the fitting procedure. 

 

Figure 37. In-situ optical spectroscopic transmission measurements of 60-nm-thick VO2 thin 

film on quartz substrate from cryogenic to high temperatures. Note that the VO2 is in the 

insulating phase from 77 K to 300 K, and in the metallic phase from 373 K to 750 K. 

  

6.2 Design of Optical Force Coating with Variable Reflectance 

 The objective with a VO2-based solar radiation pressure modulation coating is to 

have high reflectivity in the “on” state and low reflectivity in the “off” state. Attitude 

control or steering can be realized using such a coating by placing the variable coating on 

the edges of the solar sail or spacecraft. If one edge has a high reflectivity while the other 

has a low reflectivity, then a torque is generated on the spacecraft, allowing the spacecraft 
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to adjust its orientation (Figure 38a). A Fabry-Perot resonance cavity with an anti-reflection 

layer is proposed to deliver thermochromic or electrochromic variable reflectivity over the 

solar spectrum. The Fabry-Perot resonator is composed of two mirrors, a gold thin film and 

a tungsten substrate, that are separated by a VO2 spacer. At low temperatures, the Fabry-

Perot cavity is formed because VO2 is a relatively lossless spacer. At high temperatures (or 

an applied voltage), VO2 is metallic and the entire structure is reflective, since all four 

layers are metallic. Figure 38(b) shows the overall high reflectance of the coating when the 

VO2 is metallic (high reflectance), while Figure 38(c) shows the Fabry-Perot effect that is 

achieved with insulating VO2. 

 

Figure 38. (a) Schematic for attitude control via variable reflectivity coatings. In the “on” 

state the coating is highly reflective and the incident solar radiation pressure is twice the 

magnitude of the “off” case where the coating is absorbing. Initial dynamic solar radiation 

pressure coating with (b) insulating VO2 and (c) metallic VO2. 
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 The geometry, specifically the thin film layer thickness and the spacer thickness, of 

the Fabry-Perot cavity provides the spectral selectivity needed to modulate the radiative 

properties in the solar spectrum. The spacer thickness is chosen as the cavity thickness 

required to observe Fabry-Perot resonance in the visible wavelength regime. As with the 

variable emitter, a thinner spacer material will lead to smaller resonance wavelengths and 

likewise a larger spacer thickness will produce a larger resonance wavelength. The effect 

of the gold thin film in the structure is to determine the amplitude of the enhancement. A 

thinner, or less reflective thin film will yield a weaker enhancement. As the thickness is 

increased, a tradeoff must be found between the increased reflectivity of the interface and 

decreasing penetration depth, which decreases the strength of the enhancement. 

  The VO2 properties used in this theoretical investigation are drawn from Barker et 

al. [84], as in Chapter 2. The insulating properties are calculated from the Drude model and 

the metallic properties are calculated from the Lorentz oscillator model. Similarly, the 

transitioning VO2 properties are determined from the Bruggeman EMT using the 

depolarization factor q and volume fraction f published by Qazilbash et al. [39]. The 

uniaxial Bruggeman EMT expression presented in Chapter 2 is used to determine the 

effective dielectric constant of the composite medium of the transition VO2. The 

temperature-dependent refractive index and extinction coefficient for both the ordinary and 

extraordinary cases are shown in Figure 39. In Ref [84], the dielectric constant was fit to 

measurements ranging from 500 nm to 100 µm, therefore the modeling efforts in this 

section focus on 500 nm to 4 µm. The upper limit, 4 µm is selected because it is the 

maximum wavelength that solar intensity data is publicly available for. A single epsilon 
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near pole phonon mode of VO2 is observed at 1 µm, which is characteristic of the Lorentz 

model used to calculate the insulating VO2 properties. As the temperature increases 

throughout the phase transition regime, the dramatic change in optical properties is evident. 

This shift in optical properties is seen across the entire wavelength spectrum considered 

and is the basis for the variable reflectance sought for radiation pressure modulation. 

 

Figure 39. Temperature-dependent refractive index for (a) ordinary case and (b) 

extraordinary case. Extinction coefficient for the (c) ordinary case and (d) extraordinary 

case. 
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The temperature-dependent reflectance for the multilayer stack is calculated via the 

uniaxial transfer matrix method presented in Chapter 2. The layer thicknesses are optimized 

to be 30 nm, 15 nm, and 50 nm for the VO2 antireflection coating, gold thin film, and VO2 

Fabry-Perot cavity spacer, respectively. The thickness of the tungsten substrate is chosen 

as 200 nm so that the tungsten is sufficiently opaque. The optical properties for the gold 

are calculated via a Drude model with constants from Palik’s Handbook of Optical 

Constants [90]. The optical properties for tungsten are also taken as those measured in Ref. 

[90]. 

   Figure 40(a) shows the spectral reflectance for the initial design, where the 

insulating VO2 leads to low reflectance in the solar spectrum and the metallic VO2 leads to 

high reflectance across all wavelengths considered. From the figure, it can be seen that the 

reflectance is over 85% for the entire wavelength spectrum considered when VO2 is 

metallic. This high reflectance will yield high solar radiation pressure. Conversely, the 

reduced reflectance when the VO2 is insulating will yield lower solar radiation pressure. 

For the visible wavelengths, the spectral reflectance is less than 20% and for near-infrared 

wavelengths between 0.8 and 1.6 µm, the spectral reflectance is less than the metallic case.   
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Figure 40. (a) Spectral normal reflectance for the variable reflector and (b) total radiation 

pressure variation with temperature. 

 

After the spectral reflectance is determined, the solar radiation pressure P can be 

calculated from [32]: 

 
4μm

AM1.5
0.5μm

(2 ( ,0) ( ,0))P I R A d  = +   
(50) 

Where R is the spectral normal reflectance of the proposed coating and IAM1.5 is the 

extraterrestrial solar intensity where the spacecraft is assumed to be at the same distance 

from the Sun as the Earth. Since the proposed structure is opaque, the spectral normal 

absorptance, Aλ
`, can be calculated from ' '1A R = − . The solar radiation pressure due to 

the reflectance is twice that from the absorbed photons, since the momentum transfer when 

is a photon is reflected is double that when it is simply absorbed. The maximum solar 

radiation pressure for a given structure naturally occurs when the reflectance is 1, whereas 
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the lowest solar radiation pressure for an opaque structure occurs when the reflectance is 

0. Eq. 49 assumes that the solar intensity is normal to the coating surface. 

  For a perfectly reflective surface, the maximum solar radiation pressure that can be 

achieved is 9 µN/m2, whereas a perfectly absorbing surface will yield a solar radiation 

pressure of 4.5 µN/m2. Therefore, the maximum attainable radiation pressure modulation 

for an opaque surface is 4.5 µN/m2. Figure 40(b) shows the solar radiation pressure for the 

proposed surface as the temperature is increased through the transition regime of VO2. 

When the VO2 is insulating, the solar radiation pressure is 6.1 µN/m2
, while the radiation 

pressure for metallic VO2 is 8.4 µN/m2
, yielding a radiation pressure modulation of 2.3 

µN/m2
. This is a little over half of the total possible radiation pressure. This result indicates 

that the proposed coating could be a good starting point for a multilayer variable reflectivity 

device based on the phase transition of VO2. As with the variable emitter in Chapter 2, the 

angle-dependent spectral reflectance was also modeled and was likewise determined to be 

insensitive to incidence angle (Figure 41). 
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Figure 41. Spectral directional reflectance as a function of wavelength and incidence angle 

for (a) TE polarization and (b) TM polarization when VO2 is insulating. Spectral directional 

reflectance as a function of wavelength and incidence angle for (c) TE polarization and (d) 

TM polarization when VO2 is metallic. All four contour plots show that the performance 

of the proposed coating structure’s performance has little dependence on incidence angle. 

 

 After the initial design and analysis using the properties found in [84], the 

performance for the variable reflector was calculated using the fitted properties from the 

furnace fabricated VO2. From Figure 42 it is clear that the proposed variable reflectance 



104 
 

device based on furnace oxidized VO2 will not significantly modulate the solar reflectance 

in the visible and NIR regimes, since the reflectance in both the insulating and metallic 

states is very similar. This is due to a much smaller change in optical properties in the 

visible and NIR wavelength regimes for the furnace fabricated VO2. Other works have 

reported a similarly small change in the VO2 properties below 1 µm in wavelength [103]. 

Although VO2 does not exhibit good potential to be used a variable reflectance device for 

optical force modulation applications, there are several other transition materials that may 

offer a much larger change in solar radiation pressure upon transition. 

 

Figure 42. Calculated spectral normal reflectance for the proposed variable reflectance 

coating with insulating VO2 (blue) and metallic VO2 (red). 
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CHAPTER 7 CONCLUSIONS AND FUTURE WORK 

 The primary objective of this dissertation was to design, fabricate, and 

experimentally demonstrate a VO2-based variable emittance coating for dynamic thermal 

management applications. In Chapter 2, the theoretical design and analysis of a VO2 

variable emitter was discussed. To aid in the design of a VO2-based variable emitter, 

uniaxial expressions of the transfer matrix method and Bruggeman effective medium 

theory were introduced. The uniaxial properties of the VO2 in the insulating, transition, and 

metallic states were presented and the VO2 phonon modes were discussed. The physical 

mechanism, Fabry-Perot resonance, was illustrated and shown to be responsible for the 

observed emittance enhancement. Lastly, the thermal performance of the proposed emitter 

was determined for both extraterrestrial and terrestrial radiative cooling applications. With 

an approximately 0.40 change in emittance, the VO2-based emitter showed good potential 

for use in dynamic radiative cooling applications. Future work on the emitter design could 

focus on reducing the solar absorptance via selective photonic crystal or nanoparticle solar 

reflectors. 

 In Chapter 3, a furnace oxidation technique was developed to fabricate 

stoichiometric VO2 thin films that displayed a high degree of thermochromism. A 

parametric study was undertaken to determine the optimum temperature, O2 and N2 flow 

rates, and oxidation time. The fabricated films were characterized and the optical properties 

were fitted to better predict the performance of devices fabricated using the new fabrication 

technique. The nature of the VO2 hysteresis, including the hysteresis under partial 

transition, was explored. Likewise, the thermal stability and thermal cycling durability 
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were assessed for the VO2 thin films. To further this research for variable emittance thermal 

control applications, the transition temperature of the variable emitter must be reduced 

significantly. As discussed in this dissertation, several methods exist to reduce the 

transition temperature, including doping, defect engineering, and process controls. Using 

the furnace oxidation method discussed in this dissertation, I plan to develop a co-

sputtering recipe for vanadium metal and tungsten to produce tungsten-doped vanadium 

precursor films. These will then be oxidized with the goal of fabricating tungsten doped 

vanadium dioxide with a substantially reduced transition temperature. These films will then 

be characterized with temperature-dependent FTIR spectroscopy and an optical property 

model will be developed. 

 Next, a VO2 FP emitter was fabricated, characterized and experimentally 

demonstrated in Chapter 4. First the temperature-dependent radiative properties of the 

emitter were measured using FTIR spectroscopy. Then the variable heat rejection was 

demonstrated via two calorimetry-based thermal measurements, one simulating ambient 

temperature applications and the other simulating a “space-like” environment with a 

cryogenic radiative sink. In both cases, the temperature-dependent variable heat rejection 

of the fabricated emitter was demonstrated. The experimental and theoretical performance 

of the fabricated emitter were in good agreement, and the difference was less than the 

uncertainty for this experiment. Currently I am assessing the hysteresis behavior of the 

VO2 FP emitter under partial heating using the cryothermal measurement technique 

developed in this dissertation. Future work will include transient analyses of the variable 

emitter performance, and assessments of emitters with reduced transition temperature. 
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 In Chapter 5, the theoretical modeling of a representative human spacecraft mission 

revealed the target temperature and minimum required emittance changed for human 

spaceflight applications. This information can serve as a guide for both my work to reduce 

the transition temperature, and for future researchers working on human spaceflight 

thermal control. Future work will include the transient systems modeling of VO2-based 

variable emitters, in particular the effect of the hysteresis behavior on the temperature 

control of the spacecraft. Additionally, future work should include similar studies for 

robotic spacecraft missions. 

 Another recommendation is to conduct degradation studies on both VO2 thin films 

and the proposed Fabry-Perot emitter coating. Especially in the space environment, there 

are several effects which can cause considerable degradation of thermal control coatings, 

including atomic oxygen, UV exposure, solar wind irradiation, and contamination. 

Additionally, for missions far beyond Earth, a typical requirement is that the coating be 

electrically dissipative. Future studies should also assess the electrical dissipation 

capability of VO2-based coatings, as well as the potential to add an electrically conductive 

overlayer like indium tin oxide (ITO). Another useful study would be to coat the proposed 

multilayer variable emittance coating on flexible substrates such as Teflon, mylar, etc. that 

are commonly used in both the spacecraft industry and residential energy saving 

applications. While there are several challenges remaining, the design, analysis, 

fabrication, and experimental demonstration of the variable emitter proposed in this 

dissertation illustrates the potential for VO2 variable emitters to be useful for thermal 

control applications. Furthermore, the VO2 hysteresis behavior that has been presented in 
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this dissertation work provides some useful insight for how VO2-based coatings may 

function in transient systems. Finally, the thermal stability and thermal cycling assessments 

conducted in this dissertation support the use of VO2 as a suitable material for spacecraft 

thermal control applications.  

      A secondary objective of this dissertation research was to assess the potential for 

VO2 to be used to modulate optical force (Chapter 6). Although VO2 did not display good 

potential for being used in this application, there are several other materials that could be 

used in optical force modulation coatings, including tungsten trioxide (WO3), niobium 

pentoxide (Nb2O5), and liquid crystals, which all exhibit electrochromic optical property 

shifts in the solar spectrum. Future studies could also focus on proposed coatings that 

switch between specular reflectance and transmittance, rather than absorptance and 

reflectance as proposed in this dissertation. Finally, the extraction of the visible and NIR 

properties for the furnace fabricated VO2 could be useful to predict the performance in the 

visible and NIR for any applications involving furnace fabricated VO2, such as smart 

window performance, solar absorptance of radiator coatings, and high temperature thermal 

emitters. 
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