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Abstract

:

Today’s advances in materials science and technology can lead to better buildings with improved energy efficiency and indoor conditions. Particular attention should be directed towards windows and glass facades—jointly known as “glazings”—since current practices often lead to huge energy expenditures related to excessive inflow or outflow of energy which need to be balanced by energy-intensive cooling or heating. This review article outlines recent progress in thermochromics, i.e., it deals with materials whose optical properties are strongly dependent on temperature. In particular, we discuss oxide-based thin surface coatings (thin films) and nanoparticle composites which can be deposited onto glass and are able to regulate the throughput of solar energy while the luminous (visible) properties remain more or less unaltered. Another implementation embodies lamination materials incorporating thermochromic (TC) nanoparticles. The thin films and nanocomposites are based on vanadium dioxide (VO2), which is able to change its properties within a narrow temperature range in the vicinity of room temperature and either reflects or absorbs infrared light at elevated temperatures, whereas the reflectance or absorptance is much smaller at lower temperatures. The review outlines the state of the art for these thin films and nanocomposites with particular attention to recent developments that have taken place in laboratories worldwide. Specifically, we first set the scene by discussing environmental challenges and their relationship with TC glazings. Then enters VO2 and we present its key properties in thin-film form and as nanoparticles. The next part of the article gives perspectives on the manufacturing of these films and particles. We point out that the properties of pure VO2 may not be fully adequate for buildings and we elaborate how additives, antireflection layers, nanostructuring and protective over-coatings can be employed to yield improved performance and durability that make TC glazings of considerable interest for building-related applications. Finally, we briefly describe recent developments towards TC light scattering and draw some final conclusions.
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1. Introduction


The current energy–environment nexus, and the challenges it imposes on society, serves as a driving force behind many endeavours in research and development. At the basis of these challenges lies the fact that the measured concentration of carbon dioxide in the Earth’s atmosphere is rising dramatically; it was ~315 ppm at the end of the 1950s and now regularly exceeds ~400 ppm [1]. Furthermore, the rate of increase has almost tripled during this time span. The increased amount of CO2 has its origin in energy generation—specifically unrestrained burning of coal, oil and gas—and is widely believed to lead to global warming and rising sea levels [2]. There may also be many secondary harmful impacts of climate change related to, for example, socioeconomic effects and increased risk for human conflict [3,4,5].



Furthermore, the world’s population is growing rapidly both in absolute and relative numbers and is predicted to be 50% larger by the year 2100 than it is today [6]. This population is increasingly agglomerated in urban centres, and it is expected that 70% of all people will be living in such areas by the year 2050 [7]. The centres behave as “urban heat islands” and may reach temperatures that can be several degrees in excess of those in the surrounding countryside [8]. Hence, the “urban heat island” effect exacerbates CO2-induced climate change [9] for the majority of the world’s population. The effects of human activities are already pervasive enough that the current geological era—i.e., the Anthropocene—is considered distinctly different from the period prior to the Industrial Revolution, known as the Holocene [10].



It is evident that the global energy sector must be decarbonized, and this realization points sharply to the importance of improving buildings which are responsible for 30%–40% of the worldwide use of primary energy [11]. In fact, the impact of buildings is presently increasing in many parts of the world, and their part of the energy use in the USA, for example, was 34% in 1980 and as large as 41% in 2010 [12], and nothing indicates that this trend is changing. Another reason to consider buildings ensues from the fact that, in industrialized countries, people spend as much as 80%–90% of their time indoors [13].



Energy efficiency in the built environment is too often disregarded as an opportunity for CO2 abatement [14]. However, there are many “green” technologies, often with nano-attributes, that can be harnessed [15,16,17,18,19,20,21,22,23], and energy-efficient glazings—i.e., windows and glass facades—are one of the most important options. Today’s glazings frequently permit excessive energy flows to enter or exit a building, which then necessitates energy-wasteful cooling or heating. One principle solution to this conundrum is to make the glazings small, but this is not acceptable in practice since precious indoors–outdoors contact and daylighting are then curtailed, and both of these features are essential for human well-being and task performance [24,25,26]. However, energy efficiency can be achieved with glazings permitting variable amounts of solar energy and visible light to be transmitted. These glazings are often referred to as “intelligent” or “smart” and are based on stimulus-responsive “chromogenic” materials [27,28].



This review article deals with thermochromic (TC) materials, which are characterized by temperature-dependent properties. Thin films of oxide-based materials of this type can let through more solar energy at low temperatures than at high temperatures, which means that energy-efficient glazings can introduce solar energy primarily when it is needed. TC-based fenestration was suggested already some three decades ago [29,30] but has not yet made it to the marketplace in the case of oxide-based materials for reasons that are discussed below. However, there have been a number of recent advances in thermochromics that indicate that practical implementation is feasible in buildings [31,32,33,34,35,36,37,38,39,40].



It is important to realize already from the outset that TC devices for buildings must be compatible with truly large-scale manufacturing. In order to get a feel for the magnitude, one should contemplate that flat-glass production—mostly by the float process—has been predicted to be 9.2 × 109 square meters per year in 2016 [41]. Having TC-based functionality on only a small fraction of the glazings of the world requires production units capable of handling square-kilometer-sized areas per year.



TC materials and devices need to be characterized with regard to their ability to transmit and reflect luminous (i.e., visible) and solar radiation. These properties are conveniently introduced by considering a number of spectra illustrated in Figure 1. Thermal radiation, as shown in Figure 1a, is governed by blackbody curves—which are shown for four values of the temperature τ—multiplied by a materials-specific emittance which is less than unity; it is apparent that this radiation lies at λ > 2 μm for normal ambient temperatures, where λ is wavelength. Solar radiation impinging upon the Earth’s atmospheric envelope can be approximated by blackbody-like radiation pertaining to the sun’s surface temperature (5505 °C) and falls at 0.2 < λ < 3 μm. At ground level and for typical clear-weather conditions, this radiation is representatively the one illustrated in Figure 1b, where the sharp minima are a consequence of molecular absorption in the air. Luminous radiation, finally, is represented by the bell-shaped curve in Figure 1b which extends over the 0.4 < λ < 0.7 μm range and has a peak at 0.55 μm. Quantitative information for luminous (lum) and solar (sol) transmittance, indicated as Tlum(τ) and Tsol(τ), respectively, are obtained from


Tlum,sol(τ) = ∫ dλ ϕlum,sol(λ) T(λ,τ)/∫ dλ ϕlum,sol(λ),



(1)




where T(λ,τ) is temperature-dependent spectral transmittance, ϕlum is the spectral sensitivity of the human eye [42], and ϕsol denotes the “air mass 1.5” solar irradiance spectrum (for the sun at 37° above the horizon) [43]. Analogous formulas apply to reflectance R.



The TC materials are predominantly modulating the solar energy throughput, whereas the luminous performance is more or less temperature-independent, which implies that the modulation is conveniently characterized by


ΔTsol ≡ Tsol(τ < τc) – Tsol(τ > τc),



(2)




where τc indicates the “critical” temperature at which the temperature-dependent properties are changed.



There are many reviews of TC materials and devices. The present one serves as an update and extension of some recent articles [40,44,45,46].




2. Basic Properties of Vanadium Dioxide Thin Films and Nanoparticles


There are many inorganic and organic thermochromic materials, but there is a limited number of possibilities for glazings, especially if the focus is on oxide-based thin films and nanoparticle composites suitable for large-area applications. Figure 2 shows data on several materials, specifically on temperature-dependent electrical conductivity of oxides and some other materials [29]. Abrupt changes appear at well-defined temperatures and originate from structural transformations. Vanadium dioxide (VO2) is of special interest since τc ≈ 68 °C, i.e., it is not vastly different from ordinary room temperature, as was discovered almost 60 years ago [47]. This material hence is the most promising alternative for developing TC glazings and, in fact, most research efforts for this application make use of VO2, at least as a point of departure. The switching at τc takes place between two states: (i) a low-temperature semiconducting phase characterized by low infrared absorption—and therefore large infrared throughput as a thin film—and monoclinic crystal structure; and (ii) a high-temperature metal-like phase having large infrared reflectance and rutile-type crystal structure. The physical nature of the switching at τc has been debated for decades and continues to be the subject of scientific inquiry as apparent from an ongoing steady stream of publications [48,49,50,51].



Figure 3 summarizes the most important optical properties of VO2 thin films and nanoparticle composites. Figure 3a,c show spectral transmittance (a) and reflectance (c) for 50 nm-thick VO2 films on glass for wavelengths pertinent to solar radiation. It is apparent that T(λ,τ) is much higher in the semiconducting state below τc than in the metallic state above τc as long as λ > 1 μm. The difference in the transmittance between low and high temperature is enhanced for increasing wavelength. This type of variation in T(λ,τ) clearly is the desired one, and a glazing with a VO2-based TC thin film transmits more energy below τc than above τc. Similar properties have been recorded many times [31,32,33,34,35,36,37,38,39,40,52,53,54]. Figure 3 also demonstrates that corresponding data on R(λ) increase monotonically towards long wavelengths for the metallic-like state above τc, which is the expected behavior. The reflectance seems to level off at ~40% for the 50 nm-thick film, and a higher reflectance would have been reached in a thicker film. Figure 3b,d apply to a dilute suspension of VO2 nanospheres with a mass thickness of 50 nm. Comparing these data with those for the film and the solar spectrum in Figure 1 makes it evident that Tlum(τ) and ΔTsol are enlarged and that Rlum(τ) and Rsol(τ) are decreased and almost temperature-independent. These results will be discussed in more detail in Section 4 below.




3. On the Preparation of Vanadium Dioxide (VO2) Thin Films and Nanoparticles


Techniques for making VO2 thin films and nanoparticles are of much interest and are presently undergoing rapid development. Vanadium has high oxygen affinity and is able to form compounds with the metal in oxidation states being +5, +4, +3 and +2. Therefore, it is hardly surprising that the vanadium–oxygen phase diagram, shown in Figure 4, is complex and includes almost 20 different phases, frequently with only minor compositional differences [55,56,57,58]. The challenges for the synthesis of VO2 are related to the co-existence of these various oxide forms and also with the existence of various polymorphs. Therefore, it is rarely straightforward to make phase-pure VO2, which is produced in a very narrow interval of oxygen partial pressure.



Elemental solid (s) vanadium reacts with oxygen gas (g) in a simple and direct manner and yields VO2 via the overall reaction


V(s) + O2(g) → VO2(s).



(3)







This reaction constitutes the basis for various physical vapor deposition techniques—such as thermal evaporation [59], pulsed laser deposition [60] and sputtering [40,61,62]—which synthesize VO2 thin films by deposition in an ambience with controlled oxygen partial pressure and at high temperature. The temperature is typically ~450 °C although lower temperatures can be used for special sputtering techniques employing pulsed plasma [63,64,65,66,67]. The required process control is difficult, and vanadium is rapidly oxidized at high temperature and transforms from tetragonal VO2 to V6O13 and V3O7, and it ultimately reaches thermodynamically stable orthorhombic V2O5 in agreement with the phase diagram in Figure 4 (we come back to this point in Section 4).



More facile thin-film preparation might be accomplished by use of a mild oxidation agent that could serve as an alternative to the oxygen in reaction (3). One possibility is to use SO2, as discussed recently [40,62], in order to exploit the overall reaction


V(s) + SO2(g) → VO2(s) + S(g),



(4)




presumably in conjunction with a catalyst for boosting the kinetics. If SO2 is fully decomposed, the reaction products would be VO2 and S; the sulfur can then be removed through vaporization at a high-enough temperature.



There are numerous other methods to manufacture VO2-based thin films for glazings, such as chemical vapor deposition [68,69] and sol–gel technology [70]. Several of the deposition techniques were surveyed recently [54].



We now focus on VO2-based nanoparticles, which can be prepared by a number of techniques, physical as well as chemical. This large body of work is cited, for example, in References [61,71]. Recent work has demonstrated that VO2 nanoparticles can be prepared by direct and continuous synthesis via a two-step process incorporating hydrothermal flow synthesis followed by a short heat-treatment step [72]. Nanoparticles can be more or less well rounded and they can also be rod- and wire-like. Figure 5 shows scanning electron microscopy (SEM) images of nanorods prepared by sputter deposition onto glass heated to ~460 °C in an atmosphere of of oxygen and argon [61]. We focus on sputtering since this technique has excellent scalability and is commonly employed for glazing applictions.



The substrate material can have a significant influence on the growth of sputter-deposited particles [73], and glass precoated with electrically conducting In2O3:Sn (indium–tin oxide, ITO) gave more well-defined particles than in the case of analogous deposition onto bare glass or glass precoated with non-conducting SnO2. The reason for the influence of the substrate is not known in detail, but surface energy and the fact that an electrically conducting substrate avoids charge-induced repulsion between adjacent particles are expected to play a role. The sublayer of ITO on the glass substrate is of significance also because it broadens the process window for making VO2 deposits with TC properties. Figure 6 shows images taken by SEM and atomic force microscopy (AFM) of a particulate VO2 film on ITO-coated glass and demonstrates a layer of highly irregular nanoparticles with sizes of the order of 1 μm [74]; we come back to these films in Section 5 below.



It is possible to embed the VO2 nanoparticles in a host material, and Figure 7 shows preliminary results on a VO2–SiO2 composite prepared by reactive magnetron sputtering [75]. SEM micrographs displayed rounded nanoparticles with sizes of 100–300 nm, and energy-dispersive X-ray (EDX) studies indicated that these particles were vanadium-rich. In the case of an alternative deposition process, tiny VO2-based crystallites were formed in an Al2O3 matrix by reactive co-sputtering onto a substrate kept at ~400 °C, as evidenced by the high-resolution transmission electron microscopy (HRTEM) image in Figure 8 [76].



Vanadium-dioxide-based thin films and nanoparticle composites for buildings integration are normally backed by rigid glass plates or panes. However, thin films can be prepared also on ultrathin flexible glass and on temperature-resistent polymer foil [65].




4. Towards VO2-Based Thin Films for Glazings


The data for T(λ,τ) in the left-hand images of Figure 3 are interesting with regard to glazings, but the performance is hardly sufficient for practical implementation in buildings. Nevertheless, the properties of VO2 are sufficiently near to the wanted ones that it makes good sense to make a concerted attempt to modify this material [32]. In particular, the following items demand careful consideration for VO2-based coatings and are discussed in the remainder of the present section: (i) τc takes place at ~68 °C which clearly is too high for buildings; (ii) Tlum is only ~40% and too low for most glazings (Tlum would be higher for a thinner film but the consequence is then that ΔTsol becomes minuscule); (iii) temperature-dependent transmittance modulation is large mainly for wavelengths where the solar irradiation is weak and this limits ΔTsol to no more than ~10%; and (iv) VO2 is not thermodynamically stable but further oxidation leads to non-TC V2O5.



We first consider whether τc can occur around room temperature. In fact, it was well known already in the early 1970s that an addition of tungsten and a number of other elements to bulk VO2 can give a depression of τc [77,78,79], and the same effect can be found in thin films [80]. Other additions can enhance τc to some extent [77]. Figure 9 reports that ~2% of W displaces τc to approximately room temperature [81], and numerous other datasets give analogous results provided that the oxide film is well crystallized and homogeneous [32].



Next we look at ways to increase Tlum, or rather to lower the absorptance of visible light. Figure 3 demonstrates that strong optical absorption occurs at wavelengths below 0.5–0.6 μm, which is related to the fact that the optical band gap in VO2 is smaller than desired. A partial solution to this problem can be reached by replacing some of the vanadium by magnesium [81,82,83,84,85] in order to widen the optical band gap, and this effect can be reconciled with computational results [86,87]. Figure 10 illustrates the effect of Mg doping by showing the spectral transmittance for 50 nm-thick films of doped and pure VO2 at τ < τc and τ > τc. It is evident that the dopant displaces the high-transmittance region towards shorter wavelengths, but it also has the unwanted effect of diminishing ΔTsol. It is apparent from Figure 10 that τc drops as the Mg content is enhanced albeit not as rapidly as for W doping. Figure 11 indicates that Tlum is increased from 39% to 51% as the amount of Mg goes from zero to 7.2%. Band-gap widening can be accomplished also by adding other alkaline earth metals [83], zinc [88] or terbium [89], or by replacing some of the oxygen with fluorine [90,91,92].



The third item under scrutiny is how to enhance ΔTsol. An important step towards this goal was taken when it was discovered through computing that a layer of VO2 nanoparticles—rather than a corresponding continuous thin film of this material—could yield the wanted properties [71,93]. Additional calculations showed that the particle size should not be larger than ~20 nm in order to prevent optical scattering (“haze”) [94]. However, refractive-index-matching between VO2 nanoparticles and an embedding material—as seen in Figure 7—can suppress scattering efficiently. “Nanothermochromism” [71] is in fact demonstrated in Figure 3b,d, which illustrate T(λ) and R(λ) for a 5 μm-thick layer of a transparent medium, whose refractive index is characteristic of glass and polymers, including 1 vol.% of well-dispersed and non-scattering nanospheres of VO2. This choice of parameters produces an equivalent VO2 thickness of 50 nm so that that the data for the nanospheres and for the continuous thin film can be readily compared.



Judging from Figure 3, it is clear that there are important qualitative differences between optical data for the nanoparticle composites and the corresponding thin films. Thus (i) the nanosphere-containing material is considerably more transparent than the corresponding thin film; (ii) metallic-like nanoparticles display a clear-cut minimum in the transmittance for the 0.7 < λ < 1.5 μm wavelength interval which strongly limits Tsol since the solar irradiance is intense for these wavelengths, whereas the visible optical performance is barely affected at all; and (iii) the nanospheres absorb rather than reflect. The striking transmittance minimum—which corresponds to an absorption maximum—in the infrared is due to localized plasmon resonance of free electrons in VO2 nanoparticles and takes place around λ ≈ 1.2 μm. Clearly, this feature has an almost ideal position for absorbing infrared solar radiation without influencing the visible performance (cf. Figure 1). A plasmonic character of the near-infrared absorption has been observed and discussed several times in prior work [95,96,97,98].



Figure 12 gives clear evidence for nanothermochromism in a film comprised of VO2–SiO2 and was recorded on the sample illustrated in Figure 7. The spectral absorptance A(λ), derived according to


A(λ) = 1 − T(λ) − R(λ),



(5)




displays a conspicuous maximum for near-infrared solar radiation when the VO2 nanoparticles are in their metallic-like state at τ > τc, whereas no feature of this kind can be discerned for the semiconductor state at τ < τc [75].



It is evident that various combinations of Tlum and ΔTsol can be obtained in VO2-based materials, and Figure 13 illustrates the current state of the art for Tlum(τ < τc) and ΔTsol [34]. It should be pointed out that Tlum is approximately the same at τ < τc and τ > τc. Thin films of pure VO2 give the lowest magnitudes of Tlum(τ < τc) and ΔTsol, but the optical performance can be boosted by antireflection (AR) layers. Particularly good properties were obtained with multilayers of TiO2 and VO2 [99,100,101]. “Bio-inspired” cone-shaped surfaces represent another possibility to increase Tlum [102]. Mg-containing VO2 films have improved properties, which can be further enhanced by AR layers. However, optimum performance can be reached with VO2 nanoparticles which, for example, can yield Tlum(τ < τc) ≈ 60% and ΔTsol > 20%. It is also seen that Mg-doped nanoparticles are not superior to nanoparticles of pure VO2; the reason for this behavior is that the doping lowers the solar modulation, as seen in Figure 10, to a degree that is not balanced by the higher short-wavelength transmittance. Nanothermochromism is in a state of rapid development and, for example, recent work has demonstrated excellent TC properties in composite films comprised of VO2 nanoparticles and ionic-liquid–nickel–chlorine complexes [103]. VO2-based core–shell particles arranged so as to make two-dimensional photonic crystals can achieve static tunability of Tlum while thermochromism is exhibited with regard to Tsol [104].



Finally, we look at the durability of VO2-based thin films and nanoparticles, which is an issue of great practical interest since glazings must last for many years without essential performance losses. It must be remembered that V2O5 is thermodynamically stable, as is apparent from the phase diagram in Figure 4. Figure 14 reports data on 80 nm-thick sputter-deposited VO2 thin films kept in dry air at 300 °C for one hour [105]. The as-deposited film demonstrates the expected TC properties (cf. Figure 3 and Figure 10), whereas the heat-treated film displays a very different spectral transmittance which is indicative of non-TC V2O5 [106,107]. This transition is expected to be much slower at room temperature, but the data in Figure 14 nevertheless show that VO2-based materials must be shielded against further oxidation. The durability of VO2 is also dependent on the deposition technique and is improved for films with high density and large grain size [66,108].



Figure 15 depicts T(λ) for similar VO2 films over-coated with 10 nm and 30 nm of sputter deposited alumina and heat treated at 300 °C for periods in the range 1 < th < 30 h [105]. Clearly the top layer provides good protection, and only the thinnest Al2O3 layer and the longest heat-treatment period yielded some minor decline of the thermochromism. Al-nitride top layers were able to provide a similar protection for VO2 films [109]. The data in Figure 15 strongly indicate that VO2-based materials can be used for long times in, for example, energy-efficient glazings. Over-coatings similar to the ones above gave efficient protection also under conditions of high humidity [105]. Recent work has demonstrated results that are similar to those above for the case of VO2-based core–shell nanoparticles [110].




5. Recent Development: Thermochromic Light Scattering


Light scattering from VO2 particles was investigated for samples with particle sizes of the order of 1 μm, which is comparable with the wavelengths for visible light and solar radiation. Specifically, the study employed the particulate layer depicted in Figure 6 [74], and the shown AFM image was quantified with regard to individual particle volumes Vp and surface areas Sp by use of available computer code [111]. In order to formulate a theoretical model of light-scattering data, the individual particles were modelled by use of two different sets of equivalent sphere radii: either equal-volume spheres represented by req = (3Vp/4π)⅓ or equal-volume-to-area spheres represented by r’eq = 3Vp/Sp. Earlier work, rooted in atmospheric science, has demonstrated that the latter representation can work well for light scattering from highly irregular objects [112]. The particle number is not conserved in the latter case, and the number of equivalent spheres is larger than the number of real particles. Figure 16 presents actual data on the radial distributions for req and r’eq.



Specular and diffuse reflectance as well as direct and diffuse transmittance were recorded at τ < τc and τ > τc for the particulate sample, and these results were used to derive approximate absorption and scattering coefficients—denoted αabs and αsca, respectively—as shown in Figure 17. Corresponding computed quantities—denoted K*abs and K*sca, respectively—were then obtained from Lorenz–Mie theory [113] applied to the particle radii distributions in Figure 16. It is evident from Figure 17 that the calculations based on the equal-volume-to-area model can be reconciled with experimental data at λ < 0.7 μm for absorption as well as scattering and at both low and high temperature. The equal-volume approximation worked less well. The conclusion is that a semi-quantitative description of TC light scattering appears possible even from highly irregular particles, but more work is needed to fully vindicate this result.



Glazing-related applications of TC light scattering can be envisaged, and other uses may include functional fibre mats [114,115] and elastomeric composites [116].




6. Conclusions


We have given an overview of recent progress on materials for thermochromic glazings for applications in energy-efficient buildings. The presentation was confined to VO2-based thin coatings and nanoparticle composites, but it should be kept in mind that there are other thermochromic materials, especially among the organics [117,118]. In the case of vanadium dioxide (VO2)-based thin films, switching occurs between states with low and high solar energy throughput at high and low temperature, respectively. The transition temperature can be brought close to room temperature by adding some tungsten atoms, and luminous transmittance can be enhanced by antireflection layers as well as by doping with magnesium. Nanoparticle composites with VO2 dispersed in a transparent host are able to combine large luminous transmittance with a high modulation of solar energy transmittance. Durability under heating and at high humidity can be accomplished by use of protective over-coatings.



With regard to practical application in thermochromic glazings, VO2-based thin films can be employed in insulated glass units in the same way as in current technology which normally uses metal-based or doped-semiconductor-based thin films with static optical properties [15,119]. The thin films must be produced by a method that allows large-scale high-throughput manufacturing, with reactive DC magnetron sputtering and chemical vapor deposition (spray pyrolysis) being established technologies. Thermochromic nanoparticles—probably with VO2 cores surrounded by protective shells—can be dispersed in polymeric lamination materials. Another development may be to employ such thermochromic laminates as electrolytes in electrochromic devices capable of modulating the transmittance of visible light and solar energy when electrical charge is transported between thin films based on, for example, nickel oxide and tungsten oxide [120,121,122]. Furthermore, thermochromism can be combined with photocatalytic self-cleaning in multifunctional glazings [123].



We note, finally, that technologies such as those discussed in this article may lead to a radical change of the very concept of a building—it must no longer be static, and in need of vast quantities of energy to achieve an adequate indoor environment, but instead can be dynamic and able to adapt to varying ambience, thereby minimizing energy expenditure and enhancing indoor comfort.
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Figure 1. (a) Blackbody spectra for the indicated temperatures, which include the sun’s surface temperature (the vertical scales differ for the spectra); (b) Typical solar irradiance spectrum for clear weather, and relative spectral sensitivity of the light-adapted human eye [33]. 






Figure 1. (a) Blackbody spectra for the indicated temperatures, which include the sun’s surface temperature (the vertical scales differ for the spectra); (b) Typical solar irradiance spectrum for clear weather, and relative spectral sensitivity of the light-adapted human eye [33].



[image: Buildings 07 00003 g001]







[image: Buildings 07 00003 g002 550] 





Figure 2. Electrical conductivity as a function of reciprocal temperature (lower horizontal axis) and temperature (upper horizontal axis) for the shown metal-based compounds. The vertical line denotes room temperature. Arrows on the vertical lines signify hysteretic transitions [29]. 
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Figure 3. Spectral transmittance (a,b) and reflectance (c,d) for a 50 nm-thick thin film of VO2 (a,c) and for a layer comprising a dilute dispersion of VO2 nanospheres, with an equivalent VO2 thickness of 50 nm, in a medium mimicking transparent glass or polymer (b,d). 
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Figure 4. Phase diagram for the VO–VO2.5 system [57]. 
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Figure 5. Scanning electron microscopy (SEM) images of a VO2 layer deposited onto heated glass to an (equivalent) thickness of 102 nm. (a–c) images indicate a top-view, imaging with 70° between the electron beam and the sample’s normal, and a cross-sectional picture, respectively. Note that the magnifications are different among the images [61]. 
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Figure 6. SEM top-view (a) and atomic force microscopy (AFM) image (b) of a particulate VO2 layer on ITO-coated glass. The maximum peak height of the deposit was ~190 nm [74]. 
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Figure 7. SEM (a) and energy-dispersive X-ray (EDX) (b) data for a 220 nm-thick VO2–SiO2 film prepared by sputter deposition; green dots signify vanadium [75]. 
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Figure 8. High-resolution transmission electron microscopy (HRTEM) image of a nanocrystalline VO2–Al2O3 composite film with encircled areas indicating VO2 [76]. 






Figure 8. High-resolution transmission electron microscopy (HRTEM) image of a nanocrystalline VO2–Al2O3 composite film with encircled areas indicating VO2 [76].



[image: Buildings 07 00003 g008]







[image: Buildings 07 00003 g009 550] 





Figure 9. Transition termperature τc between semiconducting and metallic-like states in VO2 films containing W or Mg [81]. The data are based on electrical measurements. 
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Figure 10. Spectral transmittance for 50 nm-thick Mg-doped and undoped VO2 films in semiconducting (τ = 22 °C) and metallic (τ = 100 °C) states [81]. 
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Figure 11. Luminous transmittance as a function of Mg doping in 50 nm-thick VO2-based films as measured at τ = 22 °C. Line was drawn to guide the eye [81]. 
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Figure 12. Spectral absorptance for the VO2–SiO2 deposit shown in Figure 7 as recorded at the stated temperatures. Also shown is a solar spectrum analogous to that in Figure 1b [75]. 
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Figure 13. Schematic performance limits for VO2-based thin films and nanoparticle composites with regard to TC glazings [34]. 
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Figure 14. Spectral transmittance for an 80 nm-thick VO2 film in as-deposited state and after subsequent heating at 300 °C for one hour. Data pertain to films in (a) semiconducting (τ = 25 °C) and (b) metallic-like (τ = 100 °C) states [105]. 
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Figure 15. Spectral transmittance for 80 nm-thick VO2 films, over-coated with 10 nm (a,b) and 30 nm (c,d) of Al2O3, in as-deposited state and after heating at 300 °C for the shown time periods th. Data were recorded for films in semiconducting (τ = 25 °C) and metallic-like (τ = 100 °C) states [105]. 
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Figure 16. Distributions of the number Neq of equivalent sphere radii for the data shown in Figure 6b [74]. 
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Figure 17. Experimental (αabs) and theoretical (K*abs) spectral absorption data, and corresponding results for experimental (αsca) and theoretical (K*sca) spectral scattering data, for the particulate VO2 sample shown in Figure 6. The calculations used the equal-volume and equal-volume-to-area approximations in Figure 16. Data are given for the semiconducting state at τ < τc (a,c) and the metallic state at τ > τc (b,d) [74]. 
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