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Abstract 

Vanadium oxide based thin films/coatings have been extensively studied by researchers due to both thermo- and electro-

chromic properties. Among all vanadium oxides, particularly VO2 and V2O5 have shown a reversible phase transition at positive 

temperatures. This phase transition results in change of its thermo-optical properties (optical transmittance, IR emittance and 

electrical resistivity). The present technologies for thermal management in spacecraft can be ineffective in future because the 

stringent requirements of micro- and nano-satellites necessitate the requirement of smaller and smarter thermal control 

subsystems to control the other sub-systems/payload in the permissible operating temperature. In this communication, various 

requirements of thermal management in spacecrafts, consequently developed vanadium oxide based thin film coatings and their 

functional behaviours are discussed. Further, the challenges encountered by the researcher for possible future 

commercialization of vanadium oxide based thermochromic coating are also presented. 

Space environment and thermal control in space 

Spacecrafts or satellites normally operate in harsh 

environment subjected to huge external (in space) temperature 

swings from -150°C to +150°C, in general [1]. Thus, one side 

surface of the spacecraft can directly face the sun and other 

side surface faces deep and cold space. This process produces 

large temperature gradient between sunlight (i.e., Sun load) 

and shadow sides. However, the various components of 

spacecraft operate at maximum efficiency only within a small 

temperature range. Outside of this range, either their efficacies 

go down or their service life reduce [1-2]. Further, under 

certain conditions those components or sub-systems may not 

work at all. 

With proper heat exchange by three modes of heat transfer 

such as conduction, convection and radiation; any equipment 

or machines on Earth can be operating in-service condition 

either in extreme cold or hot environments. However, in space, 

because of the prevalent vacuum, heat transfer is restricted to 

only radiation which is indeed a poor substitute for convection 

and conduction modes. Under this stringent circumstance, it is 

a great challenge to keep the operational temperatures of 

different components or sub-systems of spacecraft 

maintained. This is achieved by proper thermal design.  

Considering a spacecraft far away from Earth’s atmosphere 

and assuming that it does not have any internal power 

dissipation, the steady state temperature of spacecraft can be 
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expressed by the following energy balance equations (1) and 

(2) [2]: 
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where, T is the absolute temperature of the spacecraft,  S is the 

solar constant (e.g., the yearly average value at Earth is 1366 

W m-2), σ is the Stefan–Boltzmann constant (56.7×10-9 Wm-2 

K–4), AP is the projected surface area of the spacecraft 

perpendicular to solar rays, A is the total surface area of the 

spacecraft; α is the solar absorptance and ɛ is the thermal 

emittance of the exposed surface. 

It can be seen from equation (2) that the temperature of a given 

area of the spacecraft is directly controlled by the α/ɛ ratio as 

solar constant S, Stefan–Boltzmann constant σ, projected 

surface AP and total surface area of the spacecraft A are 

constants. Hence, materials or coatings having different α/ɛ 

ratio can  be used on spacecraft for different thermal control 

applications. 

Need for smart thermochromic coatings 

The initiation for development of miniaturization of satellites 

e.g., micro- and nano-satellites (scientific spacecrafts with 

greatly reduced size and mass) necessitate the requirement of 

smaller thermal control sub-systems. Further, the thermal 

controls of these spacecrafts require smaller instrumentation 

which will be different from more traditional situations. In 

particular, the miniaturization of spacecraft provides low 

thermal capacitance when repeatedly subjected to large 

temperature difference due to generation or liberation of heat. 

Conventional thermal technologies, such as heaters, 

thermostats, heat pipes, coolers and louvers will certainly not 

be appropriate to meet the requirements of these new 

spacecraft as those are generally too heavy and due to their 

bigger sizes consume large amount of power. The variable 

emittance coatings which can change the effective infrared 

emissivity and hence, the radiative heat transfer rate along 

with automatic modulation capability will be the obvious 

future choice for “adaptive” or “smart” thermal control of 

spacecraft. 

Among all the oxides of vanadium, vanadium dioxide and 

vanadium pentoxide have the transition temperature (TT) in 

positive temperature region while other vanadium oxides 

show phase TT in sub-zero region. Vanadium oxide undergoes 

semiconductor/insulator to metal-like transition at ~ 

68°C [3,4]. This happens due to Mott transition, thereby 

changing the IR emittance. The Mott transition, in turn, 

happens due to structural change from monoclinic to 

tetragonal structure. As illustrated in Fig. 1, the behaviour of 

these vanadium oxides (film) at room temperature is 

semiconducting and highly IR transparent. However, when 

they are heated above their TT, they change their properties 

becoming metallic-electrically conducting and IR reflecting or 

absorbing. They repeat their transition smartly for both 

heating and cooling cycle and show hysteresis 

characteristics [5]. Therefore, by applying these materials on 

the external surface of the satellite, heat exchange intensity 

can be automatically modulated according to temperature by 

self-regulating emittance. Variable emittance thin film panel 

built with a thermochromic material could improve the 

temperature control by providing an adaptive thermal control 

for nano-satellites and future inter planetary missions. 

 

Figure 1: Illustration of vanadium oxide material properties 

change below and above transition temperature. 

Metal–insulator transition: The metal-insulator transition 

(MIT) in several material systems happens in response to 

composition (doping), electric field, temperature and the 

application of pressure. These processes cause a change in the 

electron occupancy of allowed band levels. It in fact shifts the 

Fermi energy level (EF) from localized levels to extended 

conduction states. Metals are characterized by valence 

electrons. These electrons are fermions which follow the well-

known Fermi-Dirac statistics. They are in partially filled 

bands. Their extended wave functions contribute to electronic 

and thermal conduction. The corresponding EF lies within the 

partially filled energy band. Thus, the high density of free 

electrons in most metals results in the characteristic high 

optical reflectivity and corresponding low thermal emissivity 

(εir < 0.2). In contrast, the valence electrons of insulators are 

localized in a filled valence band (at 0 K). This is separated by 

a band gap Eg from a largely unoccupied conduction band. 

This band gap is quantum-mechanically forbidden. In this 

case, EF lies within the forbidden band gap. Therefore, the 

photons with energies below Eg are transmitted by the 

insulator. On the other hand, photons with energies above Eg 

are absorbed by the valence electrons. It thus facilitates 

electron transitions to the conduction band. Thus, insulators 

have conductivities that increase exponentially with 

temperature. The thermal emissivity is also relatively high 

(e.g., εir > 0.5) for insulators. Many of the transition metals 

such as W, Mn, Mo, La and V are characterized by partially 

filled d-orbital. They contribute to metallic bonding and 

electrical conduction. Hence, the transition metals can readily 

form a variety of complexes involving the energy splitting of 

the d-orbital. This splitting results in band-gap effective for 

optical absorption and conduction. As the temperature 

increases, electrons from filled lower d-orbital jump to the 

empty orbital at higher energies. This process creates 

conduction electrons and holes. It is well-known that VxOn 

exhibits one of the largest observed variations in electrical and 

optical characteristics due to the MIT [6, 7]. The MIT in VxOn 
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is associated with a change in structure. Below TT it has 

monoclinic structure with insulator-like characteristics. 

However, above TT the structure changes to a tetragonal rutile 

structure with metallic characteristics. Therefore, the MIT 

characteristics of thin VO2 films are often comparable to those 

of bulk samples. 

Experimental studies on vanadium oxides as 

thermochromic coating 

In this section we have attempted to summarize the various 

research works carried out by our group to study the 

thermochromic behaviour of vanadium oxide coating. Some 

of the important findings are briefly explained in the following 

sections. 

a) Pure vanadium oxide 

Vanadium oxide (VO) thin films are developed on quartz 

substrates by utilizing a pulsed RF magnetron sputtering 

technique with the RF powers at 100 W to 700 W.  By varying 

the RF powers from 100 W to 700 W it is possible to obtain 

film thickness in the range of ~21 nm to ~243 nm. The 

deposited films show presence of V5+ (~80%) phase as the 

major and V4+phase as the minor phase (~20%). The phase 

transitions of the (VO) thin films were studied by the 

differential scanning calorimetric technique (DSC) as shown 

in Fig. 2 [8]. The reversible i.e., smart transition is observed 

in the region from 337 °C to 343 °C[8] which matches with 

that reported in literature for MIT in vanadium pentoxide. 

Further, the sheet resistance value of the (VO) thin films is 

~106 to 105Ω/sqr  along with the optical band gap in the range 

of 2.4 to 2.8 eV [8]. 

 

Figure 2: The variation of the derivative heat flow of the bare 

quartz and the vanadium oxide thin films on quartz as a 

function of temperature [8]. 

Sol-gel and spin/dip coating is most economic and facile mode 

of synthesis. In fact, sol-gel based coating technique can be 

adopted for scale up purpose. Therefore, to scale up the 

vanadium oxide thin film development process especially for 

spacecraft application where big panels would need to be 

coated, sol-gel and spin/dip coating process is also attempted 

by us [9]. DSC curves of (VO) thin films grown at an 

optimized spin coating rpm (viz., 3000 rpm) and subsequently 

vacuum-annealed at 550 °C are shown in Fig. 3.These (VO) 

thin films exhibit much lower TT i.e., ~44 to ~48 °C as 

confirmed by the DSC curve (Fig. 3) [9]. This TT is 

significantly lower than that (i.e., 68 °C) reported for phase 

pure, bulk VO2. The lower TT is primarily linked to (i) size 

effect [10] and (ii) presence of a strained lattice (e.g., ~ 

0.0195 ca. standard ICSD pattern) in the (VO) film [11, 12]. 

Thus, these (VO) films [9] show potential candidature for 

smart radiation device applications in spacecraft thermal 

control management. Additional studies are also made [9] to 

evaluate the nanomechanical characteristics of developed 

(VO) thin films. For this purpose, the well-known 

nanoindentation technique is utilized. These experiments 

provide nanohardness (H) of ~1.5 GPa and Young's modulus 

(E) of ~36 GPa [9] evaluated for the (VO) thin films. These 

(H) and (E) values are much higher than those reported for sol-

gel process and sputter deposition-based vanadium oxide 

films.  

 

Figure 3: Vanadium oxide thin films developed by sol-gel and 

spin coating process on quartz, vacuum-annealed at 550 °C 

[9]. 

b)  Molybdenum doped vanadium oxide 

Studies on molybdenum doping in vanadium oxide thin films 

are also carried out to reduce TT [13]. In this study, the MO-

VO thin films of various thicknesses (~37-640 nm) are 

deposited on both quartz and silicon substrates. The thickness 

variation is affected by altering the RF power from 100 to 600 

W during the pulsed RF magnetron sputtering process [13]. 

Crystalline MO-VO thin films exhibit the mixed phases of 

vanadium oxides e.g., V2O5, V2O3 and VO2 along with MoO3. 

In these films the reversible or smart transition occurs [13] just 

above the room temperature i.e., at ~45–50°C (Fig. 4a). Thus,  
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Figure 4: (a) DSC curves and (b) temperature dependent 

sheet resistance of molybdenum doped vanadium oxide film 

grown on quartz at 500 W/430 nm [13]. 

Mo doping causes significant reduction in TT as compared to 

that (i.e., 68 °C) reported for phase pure, bulk VO2. The smart 

phase transition in the MO-VO thin films thin films is also 

accompanied by about three order of magnitude change in 

sheet resistance (Fig. 4b) [13]. 

 

Figure 5: Reflectance spectra of different molybdenum doped 

vanadium oxide films grown on silicon in visible (400–700 

nm) region (inset: spectra plotted in entire solar region) [14]. 

Further studies are also carried out to analyse the anti-

reflecting properties of the MO-VO thin films [14]. Thus, Fig. 

5 shows the reflectance spectra of different the VO-MO thin 

films grown on silicon substrate. The thinnest film (i.e., ~37 

nm) grown at 100W shows reflectance of ~38%. Beyond 

200W i.e., the MO-VO thin films of thicknesses ~130 to 640 

nm show relatively lower (i.e., ~16–19%) reflectance. Further, 

sheet resistance of MO-VO thin films decreases from 

~4.9x106 to 4.7 x103/sqr with increase in RF power (i.e., film 

thickness) [14].  

c)  Fluorine doped vanadium oxide 

Additional important attempt is also made by us to decrease 

the TT of spin coated vanadium oxide thin film to as low as 

sub-zero temperature domain [15]. This work shows that 

without significantly compromising the optical, especially the 

transmission properties the TT  can be reduced to sub-zero 

temperature, thereby enhancing their potential for passive 

smart radiator devices applications towards the thermal 

control of spacecraft. Such films could be very useful for the 

passive cooling purpose of CdTe and CdZnTe X-ray detectors 

for astronomically related payloads where the detector would 

be operational only in the sub-zero temperature regime (e.g., 

in the range of -20 to -30 °C).Vanadium oxide thin films are 

 
Figure 6: DSC curves of Ti–Mo–FVO on (a) Kapton and (b) 

Al6061 substrates [15]. 

therefore developed on flexible, optically transparent Kapton 

and rigid, opaque Al6061 substrate by sol–gel spin coating 

method at 3000 rpm [15]. Further, Ti, Mo, W and F are 

successfully doped in VO thin films [15]. 
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Among all the developed thin films, the Ti and Mo doped F 

incorporated VO thin films (i.e., the Ti–Mo–FVO films) 

exhibit remarkable reductions in the phase TT (i.e., ~26.3 °C) 

as shown by the DSC curves in Fig. 6 [15]. These films also 

exhibit the highest optical transparency (~75%). 

Challenges in development of thermochromic 

vanadium oxides film 

Although, compounds of vanadium was discovered very long 

back in 1801 by Andrés Manuel del Río but still researchers 

are facing acute problems when it comes to the thermochromic 

properties of vanadium oxide. However, vanadium has been 

well explored in various field of  

 

Figure 7: Year wise number of publications on thermochromic 

vanadium oxide 

application such as steel additive, catalyst in manufacturing 

sulfuric acid, oxidizer in maleic anhydride production, 

oxidation of propane and propylene to acrolein and vanadium 

redox batteries etc. When someone do the search in Google 

scholar, one can find the very less research publication (till 

2019 around 5000 research article published) in 

thermochromic application of vanadium oxide throughout the 

world (Fig. 7). Various challenges for commercialization of 

vanadium oxide based thermochromic coatings are as follows: 

1) Reducing the phase transition temperature 

VO2 exhibits fully reversible smart transition between 

monoclinic and tetragonal phases at around 68°C. Reduction 

of the phase TT to near room temperature is attempted by 

doping and / or co-doping of transition metal ions (e.g., W, 

Mo, Ti, Cr, F and Nb) into the vanadium oxide lattice. 

However, this demands precise control of the nature and 

amount of dopant and / or co-dopant and their uniform 

distribution. In fact every 1% of doping can drastically reduce 

the TT by about ~20 °C [16]. 

2) Environmental stability 

For VO2 films in spacecraft thermal control applications at 

least 10 year of stable life is expected. However, prolonged 

exposure to environment can change its oxidation state and 

hence, drastic changes of the TT as well as the thermo-optical 

properties.  Protective layers (SiO2, TiO2 etc.) on VO2 films 

can thus effectively improve the environmental stability [17, 

18]. However, the problem is this can hamper the functional 

properties of thermo chromic VO2 films. Therefore, future 

work should be carried out for enhancing stability, along with 

the self-cleaning and antireflection functions of the VO2 films. 

3) High optical transparency 

For applications of VO2 films in smart windows, optical lens 

for the spacecraft and aircraft cockpit/car wind shield etc. new 

research needs to be done to increase the optical transparency 

level from the present ~20 to 80 %. However, the optical 

transparency of VO2 films exhibits complex dependencies on 

the oxidation state, purity and the thickness.  

4) Large-scale production 

Large-scale production of smart VO2 films is necessary to turn 

lab scale development into the industrial mass production for 

commercial application. Presently, most of the developments 

on vanadium oxide thin films are based on very sophisticated 

vacuum technologies such as sputtering, evaporation, atomic 

layer deposition, laser assisted deposition, chemical vapour 

deposition etc. techniques. All these technologies require high 

vacuum systems and large chambers. Thus, it would take 

several hours to reach the vacuum. However, they offer 

precise control of deposition rate, uniformity, good film 

adhesion and doping amount. Thus, large scale development 

of VO2 films by these methods is limited by the high 

production cost and low production quantity. A few research 

groups are also attempting the sol-gel method. This can be 

promising and cost-effective through dip/spin coating if the 

synthesis steps can be precisely monitored and film adhesion 

as well as qualities are assured. Thus, new research in this area 

for mass production is now very essential if we think that the 

smart coatings could be readily available in market at a 

reasonable cost in days to come. The technology could be 

compatible with traditional methods such as spray or brush 

painting of normal polymeric paints.  

Thus, reduction in TT, provision of environmental stability 

and higher optical transparency as well as innovation of low 

cost production technology should make the thermo chromic 

VO2 films as a promising candidate for a variety of potential 

ground based as well as aerospace applications such as 

energy-efficient window coatings, electrical/infrared light 

switching devices, thermal sensors, cathode materials for 

reversible lithium batteries etc. 

Summary  

Here, we have summarized the prospect and future directions 

of vanadium oxide based thermochromic smart reversible 

films for spacecraft thermal control applications. The work 

progress in this subject line from the author’s group is also 

summarized. 
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