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It is surprising to see the wide range and versatile potential of applications of the VO2, due to its transition from a semiconductor phase at low temperature, to a metallic state at high temperature. Although this transition’s atomic mechanism is not yet well understood, the tuneability is very reproducible experimentally and can be monitored by various triggering schemes, not only by heating/cooling but also by applying a voltage, pressure, or high power single fast photonic pulse. Many of the recent applications use not only the low-temperature phase and the high-temperature phase, but also the transition slope to monitor a specific parameter. The paper starts with a summary of the VO2 thin film deposition methods and a table presenting its recent proposed applications, some of which our team had worked on. Then the development characterization and application of the VO2 as a smart thermal radiator is provided along with the recent progress. The experimental results of the emissivity were measured at low temperature and high temperature, as well as during the transition in vacuum based on the thermal power balance. These measurements were compared with those deduced from an average of Infrared Reflectance (2–30 µm) weighed with the blackbody reflection spectrum. The roadmap is to try alternatives of the multilayers in order to increase the emissivity tuneability, increase the device dimensions, have an easier application on space surfaces, while lowering cost.
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1 INTRODUCTION
The smart materials opened a tremendous potential of applications, using the induced changes in their own natural properties, to monitor as sensors or actuators other global parameters in an assembly. A very representative smart material, the vanadium dioxide (VO2) undergoes metallic to semiconductor transition, at 68°C, discovered in 1959 (Morin 1959), it was called Metal-Insulator Transition (MIT), where the VO2 structure changes from monoclinic at low temperature to rutile at high temperature. The VO2 shows one of the largest optical, thermal, and electrical conductivity reversible changes with the MIT. This reversible transition can be induced not only by temperature change, but also with stress or pressure, electric current, or voltage, as well as by photons laser (cw or pulse). This versatility led to an extensive study of the VO2 properties, since it can be useful for many potential applications, e.g., optical and electrical switches, variable attenuators, modulators, optical filters, infrared (IR) bolometers, and smart thermal radiator devices for spacecraft. Recently it was proposed for various and diverse applications such as a fast low energy cost steep-slope transistor (Wolfgang 2016; Ionescu 2018), and as a material for resistive-switching-based neuromorphic computing, an important item in the biomimetic brain-inspired neuromorphic devices for the hardware implementation of artificial intelligence (Ma 2018). Moreover, the VO2 properties can be tailored toward a specific application by changing the transition parameters, e.g., adding Tungsten (W) as doping material, permitting to decrease in the transition to Room Temperature (RT), or even lower if needed, adding Molybdenum (Mo) shifts the transition to higher temperatures.
Section 2 gives a fast summary of VO2 deposition methods and the phase (MIT) transition. There are about ten (10) main methods of deposition. A review of previous papers shows that various alternatives in each main method were used, while some others are combination of partial processes, assembled from different main methods.
Although the VO2 is used in a wide range of applications, since the transition discovery in 1959, the understanding of its MIT mechanism is still controversial, many theoretical works discussed the transition, based on either Peierls or Mott–Hubbard models, without a clear conclusion. MIT in VO2 still remains an active, ongoing investigation. [e.g., Shao et al., 2018; Bragaggia et al., 2021; Outon et al., 2022].
Section 3 presents a summary of the VO2 various applications with recent references. The VO2 applications are very versatile, it can increase the efficiency of electronic elements and bypass the current physical limitations (e.g. Muller 2019). It is considered one of the important transition metal oxides that have unique properties and physical phenomena in a strongly correlated transition, the MIT being one class of this transition. It is considered for transistors with steep slope voltage requiring a small amount of energy with a very fast transition, as well as optical switches for telecom or smart thermal radiators One can find reviews of the general applications (Liu et al., 2018), or regarding specific application such as VO2 on flexible substrate (Chang et al., 2021), nanodevices (Zhang et al., 2021), MEMS THz meta-surface (Prakash et al., 2021), or NEMs/MEMS resonators (Wei et al., 2021), Sections 4–7 are dedicated to our approach to spacecraft thermal control based on a VO2 passive thin-film as a smart radiator thermal device (SRD) that employs a variable heat-transfer/emitter structure. Section 4 presents the principle of using the VO2 as Smart Thermal radiator Device. Section 5 describes the deposition method and the characterization of the VO2 on quartz and on Aluminum substrate, showing that VO2 on Al is in metallic state at high temperature although it has a high emissivity. Section 6 presents a summary of the space qualification tests and the results obtained. Section 7 presents the experimental measurements of the emissivity of the VO2 samples in vacuum during controlled thermal cycling. Section 8 summarizes the conclusions and the next steps.
2 VANADIUM DIOXIDE DEPOSITION METHODS AND TRANSITION TRIGGERING
2.1 Deposition methods
The objective of selecting a specific deposition method is to have good reproducibility and an “easy” preparation process for a commercial product, which includes:
• Control the film thickness at nanometer or sub-nanometer level, requesting a reliable and accurate calibration for each step increasing the thickness toward the final value.
• Stoichiometry control (VO2); the complexity of the V-O phase diagram raises difficulties in obtaining pure vanadium oxide phases of desired stoichiometry avoiding the formation of V2O3 or V2O5.
• Grain size or porosity; a tunable VO2 film has a specific range of grain size and porosity, the deposition method shapes its tuneability.
• Uniformity of the deposited film.
• Lowest temperature of deposition, all the classical deposition methods need a relatively high temperature >400°C. lower temperature would permit to deposit on flexible materials such as polyimide or composite.
• Avoid the need for annealing after deposition; usually annealing happens at high temperatures around 400°C–500°C or even higher.
Many methods were proposed and reported for the VO2 thin film can deposition
• Sol-gel
• Pulsed laser deposition (PLD)
• Vanadium sputtering
• Vanadium oxidation to produce the VO2
• Reduction of V2O5 films to VO2
• Chemical vapor deposition (CVD)
• Atomic layer deposition (ALD)
• Electron Beam deposition
• Molecular beam epitaxy (MBE)
Some of these techniques are promising, they are widely applicable for other industrial processes such as in microelectronics and coatings on glass, requiring uniform coatings on large areas. A summary of the methods is given below:
Sol-Gel: The Sol-Gel is based on Chemical Solution Deposition (CSD) using a dip-coating technique, it is one of the earliest proposed deposition methods for the VO2 (Dachuan 1996; Brinker 2013), however, it needed a complex process including high temperature (>800°C). Sol-Gel was not practical, imposing such a high temperature on the substrate layer. Recently Outon et al. (2022) prepared a sol from a solution of vanadium oxyacetylacetone in methanol, VO2 porous film was synthesized via a polymer-assisted sol-gel route. The process needed heating up to 700°C in a nitrogen atmosphere, to perform a preliminary thermogravimetric analysis (TGA), then heating between 500°C and 575°C under a reduced atmosphere (Ar with 5% H2).
Pulsed laser deposition (PLD): is the method that provided a relatively reliable reproducible sample. We applied this method for the preparation of reproducible (>85%) samples (Soltani et al., 2004) It is based on the laser ablation of atomic vanadium (Xu et al. 2011) from a metallic target in a low-pressure Ar with 5%–20% O2. The limitations of this method are:
⁃ Relatively small size (4 cm × 4 cm) this followed the first Optical Solar Reflector standard size
⁃ High cost—it requires advanced laser system, clean room, and a full day of ablation to prepare one sample
⁃ High temperature—the Aluminum or SiO2 substrate need to be heated to about 450°C–475°C to have the right granulation for tuneability
Vanadium sputtering: the magnetron sputtering (Brassard et al., 2005), is one of the preferred processes due to its simplicity and high controllability. Santos et al. (2021) deposited VO2 films at room temperature by DC magnetron sputtering from a high purity vanadium metallic target in a vacuum chamber (10–5 Pa). The VO2 oxidation was obtained by combining GLAD (GLancing Angle Deposition) and Reactive Gas Pulsing Process (RGPP). After deposition, the VO2 samples needed a thermal treatment at 1,500°C to have the right granulation for the switching. Recently, significant progress has been achieved in the field of low temperature (250°C–300°C) deposition using high-power impulse magnetron sputtering (HiPIMS) [(Vlcek et al., 2017; Houska et al., 2018) 18–20]; however, the most conventional methods still require high annealing temperatures (typically >500°C) to improve the crystallinity and the stoichiometry of the film (Ruzmetov et al., 2008; Cueff et al., 2015). Magnetron sputtering is most suited for the deposition of pure metals. Metal nitrides or metal oxides can as well be deposited by introducing nitrogen or oxygen gas respectively together with the argon gas. This is referred to as reactive sputtering.
Other methods using reactive DC magnetron sputtering (Song and White, 2016; Mirbagheri et al., 2022) are still to be performed since this deposition needs annealing at around 500°C of the VO2. Victor et al. (2021) succeeded to deposit the W doped VO2 tunable around room temperature for smart radiator applications.
Vanadium oxidation to produce the VO2: VO2 by gas-solid reactions in the V-O system is mainly limited to oxidation of V in pure O2 at atmospheric pressure or in air.
Reduction of V2O5 films to VO2: Reduction of V2O5 in H2 gas (Manousou et al., 2021) (Pósa et al., 2021; Kumi-Barimah et al., 2020). Preparing VO2 by magnetron sputtering using V2O5 target with in situ annealing (Ho et al., 2019) or Thermal Evaporation of the V2O5 (Manousou et al., 2021) had been proposed.
Chemical vapor deposition (CVD): Chemical vapor deposition (CVD) is a gas-phase deposition technique (Vernardou et al., 2004; Rampelberg 2016), in which the substrate is exposed to one or more volatile precursors. These react or decompose at the substrate surface, resulting in the growth of a thin film. Due to the high deposition rates and wide range of available processes it is a very popular coating technique. Compared to sputtering (and other PVD techniques), CVD has the ability of coating 3-dimensional objects, although less conformal with respect to ALD. CVD however requires high substrate temperatures and the uniformity of the coating is very sensitive to temperature variations and gas distribution in the reaction chamber.
Atomic layer deposition (ALD): in his thesis Rampelberg (Rampelberg 2016), reported that previous work on ALD involved only the deposition (Currie et al., 2017) of the V2O5, he developed a method for the VO2 deposition, (Prasadam et al., 2019).
Electron Beam Deposition: (Théry et al., 2017): Using a metallic vanadium target, the vanadium is evaporated by an incident electron beam (high accelerating voltage 10 kV), under pure Oxygen flow at low pressure (10-2Pa). The substrate is heated to 500°C.
Molecular beam epitaxy (MBE): It is well recognized that the Molecular Beam Epitaxy (MBE) method is a widely used technique for the production of high-quality homogeneous epitaxial crystal layers (Fan et al. 2013). It is highly reproducible with both thickness and composition control at the atomic level, making MBE an attractive route for the epitaxial thin vanadium oxide crystal film growth with large area and perfect V-O stoichiometry.
Oxidation of Vanadium Nitride (García-Wong et al., 2020; García-Wong et al., 2021): high-quality O2 films by the controlled oxidation of vanadium nitride films (VN) as a precursor. The VN films are reactively sputter-deposited on the substrate and then oxidized in air at 450°C to obtain the VO2.
Note that each of the above methods includes different alternatives, for example, the PLD has many variants for the laser pulses duration (from millisecond to femtosecond) laser pulse energy, repetition rates, partial pressure of Ar, and the % of O2.
Moreover, some of the proposed processes may contain parts of two or more of these methods, in order to obtain the final VO2 film (e.g. Wilson 1998).
2.2 Vanadium dioxide metal-insulator transition transition
Metals are characterized by valence electrons in partially-filled electronic bands with extended wavefunctions that can contribute to electronic and thermal conduction. The corresponding Fermi energy (EF) which describes the electron occupancy statistics, lies within the partially filled energy band. The high density of free electrons results in the characteristic metallic high optical reflectivity and corresponding low emissivity (ε < 0.2) (Johnston 1998).
In contrast, the valence electrons of insulators are localized in a filled valence band (at 0 K) that is separated by a quantum-mechanically forbidden energy gap, Eg, from the largely unoccupied conduction band. In this case, the Fermi energy lies within the forbidden bandgap. Photons with energies below Eg are transmitted by the insulator, while photons with energies above Eg are absorbed by the valence electrons, facilitating electron transitions to empty levels in the conduction band. Insulators are characterized by conductivities that increase exponentially with temperature and relatively high thermal emissivity (ε > 0.5). If Eg >> kBT (EF = kBT), then there will be few thermally-generated electrons in the conduction band and the material will exhibit a high electrical resistivity with dielectric characteristics (Aetukuri et al., 2013).
Several material systems involving oxides of transition metals such as V, W, Mn, and L have been found to exhibit a change from metallic to insulator behavior (metal-insulator transition) in response to composition (doping), electric field, temperature, or the application of pressure. The transition metals are characterized by partially-filled d-orbitals which contribute to the metallic bonding and electrical conduction. The transition metals can readily form a variety of complexes involving the d-orbitals (Mahan 1975). Chemical bonding of the transition metal to ligands such as oxygen can produce an energy splitting of the d-orbitals due to electrostatic ionic and electron-electron interactions during the bond formation. Depending on the electron configuration in the resulting d-related states of the transition metal complex, and the size of the energy splitting, the system can exhibit metallic, semi-metallic, or insulating characteristics.
The main smart material systems that have been considered for thermal control applications include V1-x-y MxNyOn (Kruzelecky et al., 2005), ceramic tiles based La1-x-y MxNnOn perovskite materials (Shimazaki et al., 2000), and electrochromic active devices based on WO3 (Granqvist et al., 1998; Franke et al., 2002).
VxOn exhibits one of the largest observed variations in electrical and optical characteristics due to the metal-insulator transition. The transition temperature increases with the oxygen content; varying from 126 K for VO, to 140 K for V2O3, and to 341 K for VO2 (Morin 1959). The metal-insulator transition in VxOn is associated with a change in structure from tetragonal rutile with metallic characteristics above the transition temperature, to monoclinic structure with insulator-like characteristics below the transition temperature. It is also feasible to induce the metal-insulator transition in VO2 using an applied electric field (Stefanovich et al., 2000). Applying the field-induced switching in the electrical resistivity of the VO2, and using the VO2 in a metal-oxide-semiconductor (MOS) electrical field-effect configuration Stefanovich et al. (2000) observed that the metal-insulator transition in VO2 is related to a critical electron density, similar to the classical Mott metal-insulator transition. The Mott criteria for the transition is given by:
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where nc is the critical electron density and αH is the Bohr radius. The value of the critical density was found experimentally to be about 3•1018 cm−3, in good agreement with theoretical predictions (Pankove 1971).
In 2001 Cavalleri et al. (2001) demonstrated very fast transition <100 fs using high power laser pulses (x-rays or visible), they demonstrated that the transition is purely photonics, and much faster that a possible thermal transition.
3 REVIEW OF VANADIUM DIOXIDE APPLICATIONS
The VO2 applications are versatile due to the various possible methods to induce the MIT (temperature, pressure/stress, Electric field, electric current, photonic).
VO2 is a promising reconfigurable and reprogrammable active optical phase change material (PCM) because of its MIT that provides orders of magnitude change in the resistivity and large changes in absorption and the refractive index, which is accessible in the range from near- to far-infrared wavelength.
VO2 has been incorporated into silicon photonics, plasmonics, and other hybrid nanocomposites to achieve improved performance, and it also provides platforms for reconfigurable photonics and enables the construction of ultrafast optical switches, modulators, and memory elements (Wang Q. et al., 2021; Ryckman et al., 2013). Recently the VO2 was demonstrated as nonvolatile and reconfigurable memory (Jung et al., 2021).
3.1 Vanadium dioxide metal-insulator transition discovery (1959)
First VO2 MIT observed experimentally by Morin (Morin 1959) along with the MIT of VO, V2O3 and V2O5, and other oxides—Discovery of Thermal or Thermo-chromic transition, called also passive, since it is naturally produced once the temperature increases, in comparison with electro-chromic where the transition needs an electrical source to happen.
3.2 Thermally-induced transition vanadium dioxide on SiO2 smart window
Since the 1990s, the deposition of VO2 thin or thick films on SiO2 (quartz) or Al2O3 (sapphire) (e.g., Guinneton 2001, Guinneton et al., 2004) proposed to be used for smart windows that, and transmit the solar light when the temperature is low and reflects it when the temperature is higher than the transition, assisting in heating the room or building. The transition occurs around 68°C, to reduce this temperature Tungsten (W) can be added as doping element.
This transition is slow -a few seconds to a few minutes due to thermal exchange between different layers have the This application is still being improved over the years aiming to increase its efficiency and reduce the cost see e.g., (Cui et al., 2018; Feng et al., 2022).
3.3 Thermally-induced transition- smart radiator device
The main application where our team focused its effort is to develop and prepare a Smart Thermal Radiator Device (SRD) for thermal control in space. The SRD is a multilayer coating based VO2 on a metallic substrate (Al, Au, Ag) film or plate (Kruzelecky et al., 2005); The behavior of VO2 on Metal is counter-intuitive and very different from that on Si, SiO2 or Al2O3. At high temperature the VO2 on Al substrate has a high emissivity although it is in metallic phase, and at low temperature the emissivity is high and the VO2 is semiconductor phase as experimentally demonstrated (Benkahoul et al., 2011).
Two SRD methods were developed by MPB-INRS, the first based on one-layer VO2 200–300 nm (Soltani 2004), and the second that is more flexible is based on 30 nm VO2 (Hendaoui et al., 2013; Haddad et al., 2013). The intellectual property of the two methods are protected with patents (Kruzelecky et al., 2010) and (Hendaoui et al., 2014) The SRD preparation, characterization, and qualification for space are detailed in Sections 4–7.
Other groups are also working on the second method using different alternatives (Kim et al., 2019; Dudon et al., 2021; Xu et al., 2021).
3.4 Thermally-induced transition in textile
Recently significative advances in the new clothing materials and deeper modeling of the cloth-human thermal management had led to explore innovative interface materials to obtain practical applications for humans (Latella et al., 2021). Heat transfer between human skin and environment is mainly dependent on the synergetic effect of environment temperature, atmosphere motion, mean radiant temperature, relative humidity, and clothing. Advanced textiles and clothing having light weight and flexibility as well as excellent thermal management are being studied (Peng et al., 2019; Peng et al., 2021; Lan et al., 2021).
The most of proposed thermoregulating textiles use solid-liquid phase change materials (PCMs), The VO2-based films on textiles possess longer service life, no leakage and can control solar radiation continuously with changed temperatures (Lu et al., 2017).
VO2 solid–solid PCM shows smart IR reflection driven by the environment temperature and exhibits promising application for commercial products. Using textile is a simple energy saving way to realize outdoor thermal comfort. Even when the atmosphere temperature is lower than that of the human body (indoor without solar radiation), the fabric with high IR transmittance can help release IR radiation for personal cooling at the situations where the people must wear clothing like doctors and nurses (Peng et al., 2019).
Various groups are working to interface the VO2-cloth. An example of an innovative design of a smart thermal management film employs (Ag/VO2/Ag) sandwich structure film prepared by one-dimensional (1D) nanowires. It was able to lower the temperature by around 10°C under intense infrared (IR) radiation and showed a thermo-responsive electrical conductivity and a bending stability, due to network structure formed by nanowires (Peng et al., 2021).
3.5 Photonic slow, fast, and very fast transition
The first demonstrations of photonic induced VO2 phase transition used a continuous wave (cw) HeNe (632 nm) 2 mW or 1 mJ/cm2 (Egorov et al., 1991a; Egorov et al., 1991b). A few years later Chudnovskii et al. (1999) induced the transition using NdYAG (1,064 nm) pulses ≥1 mJ/cm2. The transition time was in the range of μs to ms. Very probably, in both cases, the laser light contributed to heat the VO2 film, and the transition was produced by a joint Photonic/Thermal effect.
In 2001 Cavalleri et al. (2001) demonstrated very fast transition <100 fs using high power laser pulses (x-rays or visible). They demonstrated that the transition is purely photonics, much shorter than the thermal effect transmission inside the VO2.
Baum et al. (2007) confirmed the photonic transition using 4D-visualization of transitional structures in phase transformations by electron diffraction.
3.6 Slow and fast electrical switching (charge injection)
VO2 MIT can be induced by electrical current or field, i.e., as an electrochromic material Dachuan et al. (1996) presented a slow electrical switching ∼1 min of a VO2 film prepared by sol-gel technique. The sol-gel method requires very high temperatures.
In 2000 Stefanovich et al. (2000) demonstrated a very fast 1.5 ns on the VO2-deposition and MEMS structure, aiming to use the structure as transistor.
The VO2 is currently considered as one of the most promising materials for oxide electronics, that permits to go beyond the limitation at nanometer levels, based on the MIT property as its very fast reversible switch (Pergament et al., 2010; Pergament et al., 2013; Pergament et al., 2015; Pergament et al., 2020).
However, the VO2 switch based on electronic current or electrical field is mixed with a thermal switching due to the heating of the VO2 in the metallic state. Belyaev et al. (2018) performed detailed analysis of experimental data combined with the results of calculations and temperature measurements in the switching channel. They found a crucial role of the VO2 semiconductor– metal phase transition is stimulated by Joule heating in the switching process. The performance rate can be improved by reducing the geometric size of the active area of the switch. This reduced size permits better passive heat dissipation to obtain a stable temperature, with a slight increase due to joule effects, but still too far from that of the MIT.
Vaidya et al. (2022) proposed the VO2 to replace the Silicon channel of the common Ferroelectrics Field Effect Transistor (FeFET) as energy-efficient nonvolatile memory. The FeFET-based implementation is one of the most area-efficient ferroelectric memory architectures. However, the FeFET operation entails a fundamental trade-off between the read and the program operations.
With the VO2 electrically driven insulator-metal phase transition, the VO2-FeFET demonstrates a (ferroelectric) polarization-dependent threshold voltage, enabling the read current distinguishability (i.e., the ratio of current sensed when the VO2-FeFET is in state 1 and 0, respectively) to be independent of the program voltage. This enables the device to be programmed at low voltages without affecting the ability to sense/read the state of the device.
3.7 Vanadium dioxide for spintronics
Using electron spin states as quantum information carriers opens a broad avenue for storage, sensing, and computing, known as spintronics. Molaei et al. (2013) used high-power nanosecond-pulsed KrF laser beams to modify the VO2 and make it magnetic. The diamagnetic behavior of as-deposited sample changes to ferromagnetic behavior, and the concentration of charge carrier increases after laser treatment. These findings introduce the VO2 as interesting candidate for spintronic applications where both semiconducting and ferromagnetic behavior are required, in addition to MIT characteristics. This will allow the creation of spintronic smart sensors that incorporate infrared sensors and magnetic sensors on a single chip.
The charge-to-spin conversion efficiency is a crucial parameter in determining the performance of many useful spintronic materials. Usually, this conversion efficiency is predetermined by the intrinsic nature of solid-state materials, which cannot be easily modified without invoking chemical or structural changes in the underlying system (Safi et al., 2020). Safi et al. (2020) obtained a successful modulation of charge-spin conversion efficiency via the MIT in the strongly correlated electron VO2. By employing ferromagnetic resonance driven spin pumping and the inverse spin Hall effect measurement, there was a dramatic change in the spin pumping signal (decrease by > 80%) and charge-spin conversion efficiency (increase by five times) upon insulator to metal transition. Moreover, the abrupt change in the structural and electrical properties of this material provides useful insights on the spin related physics in a strongly correlated material undergoing a phase transition.
The spintronic property of a heterostructure is not only determined by the ferromagnetic electrodes via spin dependent scattering but is also influenced remarkably by the spintronic interface (spinterface) (Fan et al., 2020). Modulation of electronic properties in spinterfaces can give rise to the optimization and even emergence of abundant spintronic effects. Fan et al. (2020), built a multilayer system [Pt/Co]2/VO2/[Co/Pt]2, where atomically thin phase-change material VO2 is adopted as a spinterface with reversible MIT. They observed repeatable switching from antiferromagnetic coupling through insulating spinterface to ferromagnetic coupling through metallic spinterface is observed in this multilayer system.
3.8 Vanadium dioxide for nano antenna
The ultrafast concentration of electromagnetic energy in nanoscale volumes is one of the key features of optical nano-antennas illuminated at their surface plasmon Resonances. Bergamini et al. (2021) obtained a higher VO2 phase transition effect for pumping of the longitudinal or transversal localized surface plasmon depending on the antenna length. This characterization very important since the single nano-antennas are the building blocks of many plasmonic nano systems. They also demonstrated the picosecond dynamics of the VO2 phase transition characterizing this system, useful for the realization of fast nano-switches. Their work shows that it is possible to miniaturize the hybrid plasmonic-VO2 system down to the single-antenna level, still maintaining a controllable behavior, fast picosecond dynamics, and the features characterizing its optical and thermal response.
3.9 Vanadium dioxide for optical switch
In 2006 our team presented an optical switch 1 × 2 based on VO2 (Soltani et al., 2006). This technology was developed and refined to include nanostructures giving various additional options.
Ultrafast switching can be achieved using these optical switches, as the phase transition in the VO2 film spacer occurs at femto-second time scales (Cavalleri et al., 2001). These optical switches can be fabricated using currently available nanofabrication capabilities.
Thomas et al. (2018) demonstrated a novel optical switch based on an array of gold nanowires present on top of a vanadium dioxide (VO2) thin film layer, which is further present on top of an underlying gold film. VO2 demonstrates reversible phase transition on application of temperature, voltage, or infrared radiation. The maximum differential reflectance between the metallic and the semiconductor states of the VO2 spacer layer is observed, in these optical switches can be tunable over a large wavelength range by varying the structural parameters of Au nanowire-VO2 spacer-Au film based optical switches such as VO2 spacer layer thickness, gap between the gold nanowires, and the side width of gold nanowires. They observed that the optimal switching wavelength can be varied from ∼800 to ∼1,800 nm by decreasing the thickness of the spacer layer from 12 to 2 nm.
Sun et al. (2018) designed and demonstrated a broadband photonic switch based on an aluminum nanohole array on quartz based on the VO2-MIT. Their switch showed an operating range over 650 nm around the optical communication C, L, and U band with maximum 20%, 23% and 26% transmission difference in switching in the C band, L band, and U band, respectively.
Wang X. et al. (2021) proposed a tunable infrared optical switch based on a plasmonic structure consisting of aluminum nanoarrays with a thin film of vanadium dioxide. This optical switch can realize arbitrary wavelength-selective optical switching in the mid-infrared region by altering the radii of the aluminum nanoarrays. Furthermore, since the VO2 transforms from its insulator phase to a metallic phase when heated or applied voltage, the optical switch can achieve two-way switching of its “ON” and “OFF” modes. The switch offers excellent optical performances, that the modulation depth can reach up to 99.4%, and that the extinction ratio exceeds −22.16 dB.
3.10 Vanadium dioxide for brain inspired neuromorphic devices
Zhi et al. (2014) built a VO2 structure grown on piezoelectric PMN-PT substrates. Stable resistive states of the VO2 stable resistive states of VO2 films can be realized even when the applied electric fields are removed from the heterostructures. By sweeping electric fields across the heterostructure appropriately, multiple stable resistive states can be achieved. The resistance switching tuned by electric field has potential applications as nonvolatile memory.
Yi et al. (2018) built scalable VO2 active memristors, and showed that memristor neurons possess most of the known biological neuronal dynamics. Twenty-three types of biological neuronal behaviors are experimentally demonstrated, including tonic spiking and bursting, phasic spiking (Class 3 excitability) and bursting, mixed-mode spiking, spike frequency adaptation, Class 1 and Class 2 excitabilities, spike latency, subthreshold oscillations, integrator, resonator, rebound spike and burst, threshold variability, bistability, depolarizing after-potential, accommodation, inhibition-induced spiking and bursting, all-or-nothing firing, refractory period, and excitation block.
Gao et al. (2022) achieved Resistive switching by applying voltage or current bias, which creates Joule heating in the device and triggers the IMT. They analyzed the current/voltage-induced resistive switching characteristics, including a pronounced intermediate state in the reset from the low to the high resistance state. Controllable switching behavior is demonstrated between multiple resistance levels over several orders of magnitude, allowing for multibit operation. This multi-level operation of the VO2-bridge devices results from exploiting sub-hysteresis loops by Joule heating.
Developed two-terminal memristive devices based on VO2 thin film bridges. By tuning the applied voltage or current, we realized multistate memory within one VO2-based memory cell and reliable multilevel operation at room temperature. This multi-level operation of the VO2-bridge devices results from exploiting sub-hysteresis loops by Joule heating, which provides opportunities for novel (neuromorphic) electronics.
An ongoing contract with Horizon 2020, is developing the VO2 for Neuro-morphing computing (Corti 2021).
Brain-inspired computing employs devices and architectures that emulate biological functions for more adaptive and energy-efficient systems. Oscillatory neural networks are an alternative approach in emulating biological functions of the human brain and are suitable for solving large and complex associative problems. Todri-Sanial et al. (2021) build VO2-based relaxation oscillators, which rely on a precise switching between metallic and insulating states. These oscillators have been successfully synchronized using resistive and capacitive coupling to implement associative memory operations and image recognition.
VO2 memtransistors are expected to be a promising candidate for the development of cutting-edge synaptic systems, which can execute unformulated complex computations to mimic the functionality of artificial biological synapses or the human brain (Iqbal et al., 2021).
3.11 Nonvolatile memory device
The VO2 memory devices have essentially been volatile at room temperature, and nonvolatile memory has required non-ambient surroundings (e.g., elevated temperatures). Non-volatile phase change has been observed in VO2 on a piezoelectric substrate, but the nonvolatility is due to remnant strains in the piezoelectric material rather than the VO2 itself. Tuning the oxygen vacancy concentration using a gated electrolyte or hydrogenation of VO2 can lead to nonvolatile, reversible phase transitions but, to date, it is very slow (requiring minutes and up to hours) (Ben-Abdallah and Biehs, 2016; Jung et al., 2021). Jung et al. (2021); reported that they built a VO2-based optically addressable nonvolatile memory for the first time, at room temperature with a readout by voltage oscillations. This discovery illustrates the potential of VO2 for new computing devices and architectures, such as artificial neurons and oscillatory neural networks.
Vanadium dioxide (VO2) is an interesting material for hybrid photonic integrated devices due to its insulator–metal phase transition. Utilizing the hysteresis of the phase transition in voltage-biased VO2, Jung et al. (2022) demonstrate a compact hybrid VO2–silicon optical memory element integrated into a silicon waveguide. The on-chip memory cell can be optically written with energy as low as 23.5 pJ per pulse and with a 10%–90% rise time of ∼100 ns. This approach is promising for optical data storage in silicon photonic integrated circuits (Mizsei 2015; Fowlie et al., 2021).
3.12 Vanadium dioxide for THz applicationss
Ultrafast control of fundamental electronic and structural interactions in strongly-correlated oxide materials is a promising avenue toward realizing the next generation of faster and more energy-efficient electronic devices. Vanadium dioxide (VO2) is viewed as a potential key building block for such devices due to its near-room-temperature MIT, which can be triggered on a sub-picosecond time scale. Such rapid switching, along with dramatic changes in the electrical and optical properties, gives rise to a multitude of novel possibilities for logic and memory devices, some of which could potentially be transformative to modern technology and computing (Gray et al., 2018).
Gray et al. (2018) could produce a VO2 MIT close to room temperature using ultrashort high-field THz pulse, to suppress the structural transformations in insulating VO2 by non-resonant THz excitation of the electronic system at photon energies far below any of the relevant optical phonon modes or interband transitions.
Papari et al. (2022) used the switchable VO2 mirrors to enhance a Fabry-Perot THz cavity. In the insulator state, the low loss regime enables the adjustment of the cavity length and easy optimization the resonances due to the Fabry-Perot (FP) effect in the Si plates and in the cavity volume. The activation of the metallic-like state instead, by damping the FP oscillations in the plates, promotes the onset of a comb-like spectrum that can be exploited as a versatile tool for accurate sensing applications.
A recent review by Zeng et al. (2022), of free-space terahertz phase modulators (FSPM) shows the VO2 as one of their main representatives. FSPM basically applies changes in the resonance characteristics of metamaterials to change the phase constant to modulate the phase.
3.13 Vanadium dioxide for piezoelectricity
Basu et al. (2021); investigated a novel effect of the piezoelectric in the low-temperature phases of VO2, observed for the first time, using piezo-response force microscopy. The piezoelectric coefficient in the strained phase of VO2 was found as 11–12 pm/V making it eligible for piezotronics applications.
Liu et al. (2022) reported the first two-port lateral-extensional mode zinc oxide (ZnO) piezoelectric resonator with a reconfigurable bottom electrode that is enabled by embedding a VO2 thin film. The VO2 MIT is triggered by substrate heating that translates to abrupt changes in electric field patterns and piezoelectrically transduced modal vibrations, thus allowing mode-switching of piezoelectric resonators at specific frequencies (Liu et al., 2022).
3.14 Vanadium dioxide for metasurfaces and metamaterials
VO2 is a unique phase change material with strongly anisotropic electronic properties. During the MIT, the VO2 film contains nano islands in metallic states and others in semiconductor, which can be viewed as a disordered natural metamaterial. The VO2 is considered as a “natural” metamaterial changing its behavior between absorbent or transmitter in a wide range of wavelengths (Kats et al., 2013).
The distributed islands offer the possibility to realize ordered VO2 junctions operating as efficient hyperbolic metamaterials in the THz-visible range, by simply adjusting the ratio between metallic and insulating VO2 content (Eaton et al., 2018). THz metamaterials play a significant role in the development of imaging, sensing, and communications. Conventional THz metamaterials was fixed after fabrication. They can only achieve a single function and do not have adjustable characteristics, which greatly limits the scalability and practical application of metamaterial. The VO2 based THz metamaterial device is switchable between transmitter and absorber (Li et al., 2019; Jiang et al., 2022).
Using the VO2 properties as metamaterials Araki proposed it as metasurface for simultaneous solar rejection and infrared emission switching. The VO2 allows a broadband high-quality reflection within the dual-mode region from 1.0 to 2.2 µm, with a refractive index of 4.0; with simultaneously with high thermal emittance in the atmospheric window of 8–13 µm (Araki and Zhang, 2022).
In their review of THz MEMS metadevices, Pichappa et al. (Prakash et al., 2021) proposed the VO2 as one of the main examples. The range of deformation and transition temperature could also be varied either by doping or strain engineering of VO2. Additionally, the memory effect in VO2 can also be exploited for realizing THz memory metadevice with well-defined multilevel states, compared to the earlier reports. Furthermore, the large strain built in the VO2 layer will also ensure higher reliability of MEMS switches as it prevents stiction, which is one of the most common failure mechanisms in electrostatic cantilever devices. The availability of wide range of phase transition materials with unique properties could potentially enable novel functionalities in THz MEMS metadevices
Kim et al. (2022) proposed the VO2 as a Tunable metasurface towards versatile metalenses and metaholograms.
3.15 Vanadium dioxide for resonators
The active control and manipulation of electromagnetic waves are highly desirable for advanced photonic device technology, such as optical cloaking, active camouflage and information processing. Designing optical resonators with high ease-of-control and reconfigurability remains an open challenge thus far. Meng et al. (2022) proposed the VO2 within a novel mechanism to continuously reconfigure an optical resonator between one-port and two-port configurations via phase-change material for efficient optical modulation.
Self Oscillating Resonator; VO2 material undergoes a significant electrical nonlinear change during phase transitions, which leads to a periodic instability state of current/voltage under constant electrical bias. By integrating structured VO2 with conventional metallic resonating components, Wang et al. (2017) demonstrated a series of hybrid resonator and highly tuneable terahertz metamaterials proposed the VO2 as a THz metamaterial resonator.
3.16 Vanadium dioxide switch by strain
Merced et al. (2013) demonstrated fully reversible strain and stress changes of up to −0.32% and −510 MPa, respectively, and a maximum strain energy density of approximately 8.1 J/m3 × 105 J/m3 through a temperature window of only 15°C. Strain can lower the correlated oxides transition temperature, increase the superconducting critical temperature, enhance the ferroelectric polarization or even produce giant pseudomagnetic fields.
Though the electronic transport in the strained oxide film at macroscopic scales can be directly measured, the anisotropic electronic state and the controllable phase separation across the insulator to metal transition within nanoscale size are still elusive. To understand the anisotropic nanoscale phase separation in strained metal oxide films, Hub et al. used the VO2 crystal film as a prototypical oxide and achieved the manipulation of anisotropy electronic phase separation via injecting He nanobeam into VO2 film at room temperature. This nanoscale phase separation was also directly visualized by IR near field imaging measurements, showing the pronounced dependent anisotropy on VO2 surface (Hu et al., 2021).
3.17 Vanadium dioxide for sensors
Qaderi et al. (2021) proposed the VO2 as sensor for the Millimeter- and Terahertz-wave stochastic sensors, by monitoring and characterizing the VO2 MIT as well as its slope, considering the heating Joule effect of the waves along with the electromagnetic effect.
The photoresponse of VO2 devices at a broadband range from ultra-violet to near-infrared at three temperature regions: room temperature, MIT slope, and beyond MIT slope (Kabir et al., 2020).
The VO2 diamagnetic to ferromagnetic switches by IR pulse laser. Molaei et al. (2013) used these pulses to modify the VO2 and make it magnetic. This will allow the creation of spintronic smart sensors that incorporate infrared sensors and magnetic sensors on a single chip.
This technology is called spintronics since it takes advantage of the inherent spin in electrons and their related magnetic momentum. The potential advantages of VO2-spintronic sensors include higher memory capacity, faster data transfer, and more computational power on a computer chip (Molaei et al., 2013).
4 SMART THERMAL RADIATOR DEVICE
Thermal control of spacecraft and space systems is a critical subsystem that impacts on the performance and longevity of space payloads. Spacecraft can be subjected to large changes in incident radiation resulting in effective temperature external swings from about −150°C facing dark space to +150°C in direct solar radiation. However, the corresponding internal spacecraft temperature must be maintained within a nominal range, typically from about −10°C to 30°C. The outer spacecraft coverings control the thermal balance between the spacecraft, incident solar, and terrestrial radiation, and thermal emittance to dark space. The tighter the temperature control of the spacecraft, the better the performance ratings and lifetime of the spacecraft systems. Current passive thermal control systems typically require heaters with an additional power penalty to maintain spacecraft temperatures during cold swings, compensating for the radiator heat loss to dark space. Traditional dynamic thermal-control systems have employed various forms of mechanical louvers to regulate heat dissipation into deep space. However, these are bulky (3.3 kg/m2), subject to wear, require additional power, and are expensive (about $100 K US per m2) V1-x-y MxNyOn (Gilmore 1994).
With the trend towards greater functional densities for space systems, as well as the use of smaller, high-performance satellites; there is a need for lightweight thermal control systems that can dynamically tune their characteristics in response to changes in their operating environment while providing reliable operation. Mainly three micro-mechanical miniaturization methods are being considered: MEMS micro louvers (Osiander et al., 1999), micro heat pumps (Birur et al., 2001), and electrostatic thermal switches (Biter et al., 2002). MEMS micromachined louver systems (Osiander et al., 1999), fabricated on Si using MEMS technologies, are similar in function and design to conventional mechanical louvers. These mini-louvers, with their open/close mechanism, resemble the well-known micromirrors developed originally by Texas Instruments Inc. They are typically supported by a hinge and a stop pillar above a silicon surface, their lids are aluminized to reflect heat and light, and the underlying silicon substrate is coated with a high-emissivity material. When heat needs to be dumped, louvers facing away from the Sun are opened by twisting their hinges electrostatically to expose the underlying high-emissivity coating. The “effective emittance” of the surface is controlled by varying the total number of micro louvers that are opened.
Smart radiators have been proposed for space applications since the 1990s, based on tuneable emissivity (Figure 1). The emissivity can be monitored either in a passive way through the increase of temperature (thermochromic), or in an active way by applying an electric voltage (electrochromic). An increasing interest in applying thermal control to various fields can be seen through recently published works. With the trend towards higher functional densities per unit mass on satellites and longer mission life, there is a need for a more efficient, cost-effective, reliable thermal control system. Current dynamic thermal-control systems employ mechanical louvers consisting of vanes or windows that are opened and closed to regulate the radiation to dark space (Gilmore 1994). The VO2 was demonstrated as one of the potential smart radiators with many advantages. The emissivity of VO2 on Al substrates exhibits an inverse characteristic with temperature to that of VO2 on Si, SiO2, and Sapphire. This paper studies the formation of VO2 on an aluminum bulk substrate, on Al thin layer (20–100 nm) deposited by sputtering and demonstrates the similarity of the two VO2 characteristics. The capability of depositing VO2 on a thin al layer opens the way to deposit VO2 on the Optical solar Reflector currently used.
[image: Figure 1]FIGURE 1 | Principle of the smart radiator device- The change in emissivity permits to dissipate the heat at high- temperature and to keep the heat inside spacecraft at low-temperature.
Figure 2 presents the effects of the emissivity on the spacecraft internal temperature. A low IR emissivity such as Al (0.05) keeps the internal temperature above −10°C even at a reduced heat load (2.3 W/m2), i.e., when the radiator is facing the shadow. However, a slight increase of the heat load will increase the temperature above the nominal operational limit of about 50°C. At the other extreme, a high emissivity (0.9) will dissipate a heat load up to 150 (W/m2) before the radiator reaches the limit of 50°C. However, the radiator temperature will go below −10°C, even at an elevated heat load of 60 W/m2, thus requiring an internal heater to protect the payloads.
[image: Figure 2]FIGURE 2 | Emissivity effect on the radiator temperature due to the heat load Reducing the need to heat the payload to lower Temperature.
An ideal smart radiator device (SRD) would have a low emittance at lower temperatures, and a high emittance at high temperatures, thus maintaining the internal payloads at a moderate temperature under varying conditions. Thin-film coating (V1-x-yMxNyOn) can be applied to existing thermal blankets such as Kapton and Teflon FEP, or to thermal radiators such as Al, to facilitate dynamic thermal control. This approach employs the metal-insulator transition to control heat dissipation and has advantages in terms of weight, cost, integration with the space structure, and structural simplicity (Haddad et al., 2006; Haddad et al., 2009).
5 DEPOSITION AND CHARACTERIZATION
5.1 First version of smart thermal radiator device (200–300 nm vanadium dioxide)
Undoped and doped VO2 films were prepared in a stainless-steel vacuum chamber by reactive pulsed laser ablation deposition (PLD) using a special target and a XeCl excimer laser. The depositions were performed in a controlled gas-phase background consisting of an O2/Ar gas mixture at total pressures of about 100 mTorr. The substrate temperature was typically held at about 500°C. The film thickness varied from 0.02 to about 0.5 μm.
X-ray diffraction (XRD) was employed to study the structure and stoichiometry of the resulting coatings. Deposition conditions were established for the formation of stoichiometric VO2. X-ray diffraction measurements indicated that high-quality VO2 could be deposited not only on crystalline substrates such as sapphire, where it is lattice-matched, but also on Al.
Characterization was first performed using VO2 deposited on SiO2 (quartz). The reflectance results followed the “intuitive” expectation with high reflectance (R) at high temperatures i.e., low emissivity [ε (λ) = 1−R (λ)]; with no absorption) which is characteristic of a metallic state. For low temperatures, R is low, and ε is high as the VO2 is in semiconductor phase. The reflectance was measured with a Fourier Transform InfraRed spectrometer (FTIR) as presented in Figure 3.
[image: Figure 3]FIGURE 3 | Reflectance of the VO2 film deposited on quartz plate measured with FTIR.
For the VO2 deposited on Aluminum, we obtained “counter-intuitive” results: we still have a low reflectance (high ε) at high temperatures and a higher reflectance at (low ε) at lower temperatures, with the transition at the same temperature (around 68°C) as shown in Figure 4. This is an inverse behavior compared with VO2 on Quartz, leading to the question if the VO2 is still in a metallic state at high temperature. The metallic state at high Temperature was confirmed with two measurements (Benkahoul et al., 2011):
[image: Figure 4]FIGURE 4 | Reflectance of the VO2 film deposited on aluminum plate measured with FTIR.
X-ray photoemission spectroscopy (XPS) spectrum of the V3d band of VO2 film deposited on Al substrate. At 30°C (below transition), the spectral weight at Fermi level (EF) is very low which indicates an insulator state. At 100°C, (above transition) the spectral weight at EF is high indicating a metallic behavior. This is similar to what is reported in the literature for VO2/Si and VO2/Quartz.
Raman spectra of the VO2 film on Al. Between 30°C and 55°C narrows Raman peaks are observed. They are attributed to the monoclinic structure. At temperature >70°C only a broad peak centered at about 560 cm−1 is attributed to the tetragonal structure. Between 60°C and 70°C a mixed phase, monoclinic and tetragonal, is formed. This is similar to what is reported in the literature for VO2/Si and VO2/Quartz.
The analysis with Raman spectroscopy and XPS (Figure 5) shows that the VO2 deposited on Aluminum demonstrates is in a metallic state at a high temperature, even if its emissivity is lower, potentially due to the reflectance through an interface that forms between the Al and the VO2 during the VO2 deposition on the Al substrate.
[image: Figure 5]FIGURE 5 | Confirming Metallic state at high Temperature (A) with X-ray photoemission spectroscopy (XPS) spectrum of the V3d band of VO2 film deposited on Al substrate; and (B) with Raman shift showing a monoclinic structure at High temperature of VO2 film deposited on Al substrate.
5.2 New approach thin vanadium dioxide (30 nm)
The first version of SRD was based on a 200–300 nm VO2 layer. A previous paper (Haddad et al., 2011) presented the formation of VO2 on aluminum (Al) bulk substrate, on Al or gold (Au) thin layer (100 nm). The Al and Au thin layers were deposited by sputtering and demonstrated the similarity of the two VO2 characteristics, on bulk Al or thin film (Al, Au). The capability of depositing thin Al and Au layers opens the way to use the VO2 on Optical Solar Reflectors currently used in space.
Although in principle there is no evidence of the tuneability (Δε) limitations, experimentally only relatively small to medium value (Δε ≤ 0.35) could be reached. Another challenge is to shift the εH to higher values (≥0.8 and ideally ≥0.9). In previous experimental trials, we could only monitor the lower side of the emissivity εL.
Recently our team (INRS-MPB) succeeded at increasing the Δε and the high emissivity εH using two different approaches. The first method is based on using a relatively thick VO2 (200–300 nm) layer as previously prepared by the team, however with additional layers (Si:H); the second method (Figure 6) (Hendaoui et al., 2013) relies on the interference of thin layer VO2 (20–70 nm) and thick layer SiO2 (1,000–1,500 nm). The two methods were successful, the experimental results are presented in the following sections. The emissivity is sensitive to the buffer thickness
[image: Figure 6]FIGURE 6 | Simple schematic explaining the functionality of the VO2- (A) For the VO2 in insulator state, the structure is an IR-reflector (Low emittance); (B) For the VO2 in metallic state, the structure is a reflection interference filter (high emissivity).
5.3 Doping with Tungsten
The intrinsic VO2 transition happens at around 68°C, however, for the SRD application, the transition would be around room temperature (15°C–35°C). The transition temperature was shifted by adding 2.5% of W, to the Vanadium target for the deposition of thin W-VO2 layer. Figure 7 and Table 1 present a summary of the effect of doping the VO2 with W. At 3.5% doping the temperature of the transition is 30°C. This is the optimal % W without losing part of the tuneability
[image: Figure 7]FIGURE 7 | Evolution of the SRD Emissivity as a function of temperature for various %W doping (0%–3.5%).
TABLE 1 | Effect of W- dopant to VO2 (Emittance = 1−Reflectance) as a function of temperature.
[image: Table 1]5.4 Solar absorptance
In a previous paper (Haddad et al., 2011), we could reduce the solar absorptance to 0.32 by adding a stacked-layer (λ/4) SiO2/VO2, with λ corresponding to the maximum solar irradiance around 490 nm. The new deposition method is being optimized; Table 2 summarizes the solar absorptance of the various VO2.
TABLE 2 | Comparison of Solar absorptance tests.
[image: Table 2]5.5 Vanadium dioxide multilayer thin films alternative versions
Three types of SRD were prepared to look for an optimal solution with SRD having good tuneability, acceptable solar reflection, and resistant to harsh space environments:
1) Simple original version: Al/SiO2/VO2-W 2.5%; with manufacturing and relative costs increasing with the number of layers and complexity. Trying to keep manufacturing at a lower cost (called standard in the tests).
2) Added layer on the Aluminum substrate to increase the tuneability of Al/CaF2/SiO2/VO2-W 2.5% (called CaF2 in the tests).
3) Added Si-SiO2 layer as a filter and protective layer Al/SiO2/VO2-W2.5%/SiO2/Si-H (called Si-SiO2 in the tests).
Samples from the three types are used in the tests in particular in the tests determining the SRD emissivities changing with temperature in the vacuum- thermal balance and measured total power and temperatures.
6 SPACE QUALIFICATION TESTS AND RESULTS
Relatively extensive ground verifications have included Vacuum Accelerated Temperature Aging, Thermal shocks and Thermal Vacuum Cycling (TVAC) testing of the thermal switching under vacuum conditions, vibration testing of Al radiators based on an assembly of the tiles, and some radiation testing relevant to use in a geostationary (GEO) orbit environment. The SRD has successfully passed the major ground tests and validated its performance for extended use in the harsh space environment with a target of over 10 years GEO. With no mechanical moving components, reliable long-term performance is anticipated for this SRD technology. The test follows the ESA testing standards, ECSS-Q-ST-70-17C (ECSS, 2020), and the thermo-optical properties performance of the samples follow ECSS-Q-ST-70-09 (ECSS 2008).
• Thermal Shock 10 cycles: Liquid Nitrogen (LN2 @-196°C), and oven at 120°C dwell time 10 min.
• Test Adhesion: two samples with Scotch tape 3–600 M in the center
• Temperature cycling between −25°C and 60°C, 1,100 cycles
• Accelerated Temperature Aging at 110°C, Measurement after 1,000 h and after 1,750 h
• Humidity test equivalent to 4 years storage at 21°C and 52.5% Relative humidity
• The details of the tests were presented in a previous paper (Haddad et al., 2020). In all the tests performed, the emissivity was measured with an Infrared spectrometer, with an accuracy of ±0.01
The thermal shock is not required for space qualification. However, a thin film that passes it successfully is an indication of long-time stability. We performed 10 cycles of Thermal Shock between Liquid Nitrogen (LN2 at −196°C) bath and oven at 110°C with a dwell time of 10 min and less than 20 s transfer time. The thermal shock test showed no degrading effect on tested SRD samples, the variation on ε remains within the margin of error.
With Thermal Vacuum Cycling (TVAC), a slight loss of performance is observed for some samples but remains too little to conclude on an eventual degradation. In this first test, in vacuum, some samples were slightly bent when detached from the plate for vacuum temperature control. The bending of some samples might have perturbed the Δε measurements but all kinds of SRD seem to be resistant to temperature cycling.
With Accelerated Temperature Aging, no performance loss has been observed on the tested samples. All kinds of SRD seem to be resistant to Temperature aging. Consecutive tests (temperature cycling then temperature aging) show no effect on the SRD. The second measurement after 1,750 h confirms the SRD resistance to temperature aging. We think the observed variations in absolute emissivity values arise from the bending of some samples.
For the Adhesion-Delamination test, ESA requires a medium-strength test corresponding to Scotch tape 3–600 M (3–4 N/cm), with a peeling speed of 2.5 mm/s at a 90° angle. Three virgin SRD samples were tested, two with Scotch tape 3–600 M in the center, and one with Kapton tape 3M5413 (5.8 N/cm). Then we tested an additional three samples that had undergone Thermal Vacuum and Accelerated temperature aging test. We noticed a slight decrease in performance (Δε) on some tested samples with medium strength 3–600 M, but this may be due to measurement error. With the stronger 3M5413, a considerable fraction, about 50% of the tuneability is lost. That could be explained by a slight loss of thermochromic VO2 material atop the sample.
The purpose of the humidity test is to demonstrate the ability of the SRD to withstand exposure to a humid environment during storage before launch. The recent ECSS-Q-ST-70-17C, related to Durability testing of coatings proposes the humidity test for coatings thicker than 1 μm, 7 days, at 50°C/95% RH (Chicarell et al., 2016), and equivalent to 4 years of storage in a cleanroom at 21°C and 52.5% RH. The first samples tested were affected by the humidity test, to our surprise. We think the reason is the 50C is still in the phase transition which is affecting the test result. We opted to find alternative tests at a different temperature.
The accelerated temperature aging test due to temperature is based on the equation of Arrhenius for the temperature and the equation of Hallberg-Peck for the temperature combined with humidity. Arrhenius equation relates to how increased temperature accelerates the age of a product as compared to its normal operating temperature. Hallberg—Peck models the effect of temperature and humidity combined on product life. It uses the Arrhenius equation with an acceleration factor due to the Humidity stress.
[image: image]
Af = Acceleration factor
RHu = use environment relative humidity
RHt = test environment relative humidity
Ea = activation energy in electron-volts (eV) usually it is 1 eV
k = Boltzmann’s constant (k = 5.670 × 10−8 Wm−2K−4).
Tu = Reference temperature, in Kelvin (K = C + 273).
Tt = Temperature during test, in Kelvin
e = 2.71828 (base of the natural logarithms).
The exponent coefficient of (RHt/RHu), is set to 3 as is commonly used, although 4.5 is used for semiconductors.
The above equation gives the humidity ECSS test (7days, 50°C, 95% RH); the obtained equivalent storage lifetime (21°C and 52.5% RH) is 4 years. MPB tested a few SRD samples at various temperatures >60°C and RH in the range 70%–75%. The test duration is equivalent to 4 years of storage time at 21°C and 52.5% RH. All the SRD samples, including the new alternatives, successfully passed the humidity test, without changes in the emissivity. To confirm the validity, some samples successfully passed a second and even a third humidity alternative without being affected.
7 MEASUREMENTS OF EMISSIVITY BY THERMAL BALANCE, COMPARISON WITH INFRARED MEASUREMENTS
The SRD performance has been validated in an LN2-cooled thermal vacuum chamber using different heat loads for SRD temperatures between −60°C and +80°C. In comparison to the case of a fixed-emissivity radiator, a much lower overall temperature variation of the system is possible using the passively-tuned SRD radiator.
The total power received by the block and sample (Q-total) is emitted by radiation through the top surface of the sample under testing (Q-top), the bottom with either electrical Kapton heating sheet, the MLI or the same SRD (Q-bottom) and through the lateral (Q-lateral).
[image: image]
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[image: image] is the emissivity
σ is the Stephan-Boltzmann constant = 5.670 × 10−8 (Wm−2K−1).
A is the Surface area (m2).
Th is the hot body temperature (K)—the block in our case
Tc is the cold body temperature (K)- the shroud cooled by LN2 in our case
The top, bottom, and lateral areas are each 4 cm × 4 cm—hence A is the same for each sample or reference.
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Th and Tc are given by the corresponding Thermocouple reading
Assuming we know εbottom and εlat We can deduce εtop
[image: image]
Q-total is given by the applied electrical power in W.εbottom of the Kapton h/resistor heater, and for the MLI is about 0.8–0.9.[image: image] lat of the Aluminum block is about 0.2.
Table 3 summarizes the four tests performed in vacuum to calculate the emissivities of the SRD from the measured temperatures and total power. In all the tests the cooling was monitored with LN2, along with the SRD samples two sample witnesses one with high emissivities (Acktar black thin sheet, εAcktar = 0.9) sensitive at high temperature, and one with the bared Aluminium substrate of the SRD (εAl = 0.1) sensitive at low temperatures.
TABLE 3 | Comparison of the four TVAC tests, the improvement is in bold.
[image: Table 3]Each test includes improvements compared with the previous one, indicated in bold characters.
In Test 2, Test 3, and Test 4 we used three different SRD one of each type—standard, with CaF2 or with an S-SiO2 top layer (Section 5.5). In Test4 the same emissivity on top and bottom is used to improve the measurement accuracy.
Figure 8 illustrates the disposition of the five samples tested in Test 3 and Test 4.
[image: Figure 8]FIGURE 8 | (A) Picture of the five samples attached inside DTVAC in Test 3 (B) Picture of five double-sided SRD samples for test 4, the top and back surfaces were similar samples to increase the surfaces.
Figure 9 presents the emissivity values of the five samples obtained from the thermal balance during three plateaus of temperatures, in Test4, and they are compared with the emissivities given by IR Reflectance.
[image: Figure 9]FIGURE 9 | Emissivities of the five samples obtained at the plateaus (steady-state power equilibrium).
The values follow the trend, we can see the switching of the SRD but both emissivities low and high have slightly higher values than those measured by IR spectrometer. The emissivity of the SRD follows the same trend as that measured by IR spectrometers.
Assumptions were used for several variables to determine the emissivity at any given temperature. Due to possible errors in these assumptions a transient analysis was done on the thermal response of the SRD samples during Test4. The SRD samples were held at a steady-state at roughly 80°C under vacuum and surrounding LN2 temperature environment. Then the power was shut off to the heaters and the SRDs were radiatively cooled by the LN2 wall. Once SRD samples reached −80°C, the power was turned back on at each sample and steady-state was reached again. From this data, the theoretical and experimental temperature response curves were plotted and variables based on initial assumptions were iteratively modified. Figure 10 displays the transient response data used to optimize the emissivity response estimate. During steady-state plateaus, the differences between model and experimental temperatures were minimal (below 3°C), while the cooldown showed the largest difference. Table 4 presents the average temperature difference (model and experimental temperature), during the cooldown period, of all five samples in Test4. This shows a good correlation for the simulation model for all samples except CaF2.
[image: Figure 10]FIGURE 10 | Cool-down and heating curve for Test 4 SRD transient analysis.
TABLE 4 | Average Errors in temperature calculating the temperature from the emissivities.
[image: Table 4]8 CONCLUSION AND NEXT STEPS
The smart radiator device is complying with the space environment requirements. The main objective is to lead the progress in the device preparation toward a commercial product:
• Increase the deposition size to obtain a larger VO2-based smart radiator device. Recent papers show important improvement in some of the deposition processes such as the deposition of a Vanadium layer by magnetron sputtering starting from Vanadium nitride target, or dip coating sol-gel with a temperature at around 350°C
• Decrease the Vanadium deposition temperature to facilitate the process, and permit the deposition on flexible materials such as polyimide (Kapton) or composites; it is possible to have commercial polyimide sheets with a metallic coating (Al, Ge, Ag, Au, …) as an interface between the polyimide and the VO2, opening the way to novel applications in space
• Increase the emissivity tuneability, recent papers showed a large tuneability obtained with a special interface layer
• Reduce the cost toward an affordable cost.
MPB is looking forward to a flight demonstration of the SRD technology on one of the Cubesat missions, and building collaborations to extend the expertise in the VO2 preparation and characterization toward other innovative applications.
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