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Abstract
Thermochromic VO2 has received great attention for smart window application because of its ability to control solar heat gain in response to the temperature variations. It goes through a first order reversible phase transition from the semiconductor to metallic state at critical temperature of 68˚C, having higher infrared reflectance above this temperature. This paper summarizes some prominent theories behind this phase transition and presents a comprehensive review of recent progress in all-solution synthesis of VO2 thin film with a particular focus on sol-gel method. Emphasis is given to highlight different precursors exploited to prepare thin films with adjustable morphology and optimized optical properties. Actually, VO2-based coatings show good combination of integrated luminous transmittance (33.1 – 81.3%) and solar modulation ability (2.2 - 14.7%). The effect of various dopants such as tungsten, magnesium on thermochromic properties of VO2 thin films is also elaborated. These studies indicate that innovative solutions are essential to overcome the current shortcomings associated with practical application of VO2. 
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1. Introduction
Increasing global energy demand raises many environmental problems, which have brought great attention into the energy preservation strategies in many countries. The building sector, as one of the huge energy consumers, is recognized to account for 40% of the overall energy consumption in the world [1]. The increment in energy consumption could be the result of modern urbanization and propensity to obtain better quality of life. Thus, mitigation measures, as issued in EU directive (2010/31/EU), should come into force to reach the zero-energy building in next few years [2]. Various options are theoretically available to reduce the use of conventional energy, whilst still meeting global energy demands. One solution is to use renewable sources, however, regardless of the technical breakthroughs, implementation of renewable energy systems is often unfeasible and subject to high level of intermittency [3]. It is unlikely that any single source will be able to adequately supply the level of energy required.
On the other hand, energy saving has been identified as an alternative to resolve the above problems. It is generally cost effective and has the same level of advantages compared to renewable energy systems toward decreasing total energy consumption [4]. Energy in buildings is mainly consumed for heating, air conditioning, ventilation and lighting [5]. Among all the building envelopes, windows are responsible for 40% of the total energy losses from buildings [6, 7]. However, windows cannot be eliminated because they allow natural light into the building, which provides certain biological advantages [8]. Nevertheless, a significant energy saving is possible, if windows were able to alter their rate of transparency to the solar irradiance [9]. In this context, advanced window technologies have been proved to be more useful than the classical approaches like blinds, as they are able to reduce lighting and cooling loads in warm climates by 26 and 20%, respectively [5].
There is a considerable amount of literature on static solar control systems, such as low-Emissivity glazing, solar control glazes, multi pane windows, vacuum glazing and more recently transparent photovoltaic (PV) facades. They have been employed to improve optical and thermal properties of the building fenestration [10]. Each of the aforementioned technologies has their own distinctive advantages. For instance, multi pane windows have high U-values; PV glazings are favorable due to the potential of supplying electricity and thermal comfort simultaneously; and in contrast to low-Emissivity windows, vacuum glazing are able to decrease building energy consumption regardless of window orientation [5]. However, application of static windows is limited to the regions where climate is consistently warm or cold [11]. 
More recently, a promising class of technologies for dynamic control of solar energy set the technology bar even higher, including chromogenic, liquid crystal (LCD) and suspended particle devices (SPD) [12]. These so-called smart windows are able to reversibly adjust daylighting and solar heat gain in response to external stimulus [13]. Despite favorable progress in optical properties of LCD and SPD technologies, further discussion is out of the scope of this study, but a comprehensive investigation can be found elsewhere [12]. 
Chromogenic materials have received great attention over the few past decades. In general, these materials are categorized as electrochromic, gasochromic, thermochromic and photochromic, which their optical properties depend on an applied voltage, gas exchange process, ambient temperature and ultraviolet light intensity, correspondingly. Among all the chromogenic material, electrochromic windows seem to have the most promising energy saving performance [14]. In spite of its advantages, large scale manufacturing of electrochromic windows faces several challenges, including complicated multilayer structure, long term durability, efficient charge insertion and suitable electrolyte with high ultraviolet stability and ion conductivity [15]. On the other hand, gasochromic windows are simpler and economical compared to electrochromic windows as stacking of transparent conducting layers is no longer required [12]. In addition, gasochromic windows could significantly reduce yearly HVAC consumption by 25 to 35% [13]. However, the key problems with much of the literature regarding application of gasochromic windows are limited switching cycles and use of redox gases. Thermochromic windows are among the most commonly investigated types of chromogenic materials. In this regard, this paper aims to outline the recent progress in sol-gel and solution derived vanadium dioxide (VO2) thin films and may provide considerable insight to better understanding the correlation between film structure and phase transition properties.
2. Thermochromic Window
The generally accepted use of the term thermochromism refers to the ability of a material in changing the electro-optical properties as a function of temperature [16]. Fig. 1 shows that thermochromic windows selectively adjust the infrared (IR) transmittance across a critical point known as transition temperature (Tt). Therefore, the amount of heating energy from the incident light changes significantly in response to the ambient temperature. 


Fig. 1. Thermochromic window behaviour [17]
Although thermochromic windows are theoretically not as effective as the electrochromic ones in energy saving features, they have an uncomplicated structure and this is a considerable advantage. The candidate glazing should demonstrate a set of special properties in order to be practical for the energy-efficient glazing systems. With regard to the primary aim of building fenestrations, thermochromic thin films should have high transparency in the visible spectrum to let sunlight reaches inside the building to reduce lighting loads. Furthermore, their optical characteristics should largely change in the IR region, particularly having higher reflectance value over IR range in order to modulate solar heat gain. Finally, is the transition temperature, which is required to be close to the room temperature [18].
VO2 has received great attention for smart window application because of its ability to control solar heat gain [19]. Owing to its distinctive properties, VO2 also offers potential for other technological uses, including IR bolometers [20, 21], gas sensor [22, 23], optical data storage and optical switching systems [24-26], flat panel display [27], electrode material in lithium batteries [28-30], and more recently in the terahertz range applications [31, 32].

3. Vanadium dioxide
Vanadium presents a partly-filled 3d orbital, leading to form several oxides such as VO, V2O3, V4O7, VO2, V2O5 and V6O13, which all belong to the series of Magneli (VnO2n-1) and Wadsley (V2nO5n-2) systems [33]. Among all, VO2 has been greatly studied since it goes through a first order reversible phase transition from the semiconductor to metallic state (MST) at critical temperature of 68˚C [34]. This transition leads to abrupt changes in electro-optical properties of VO2 [35], which takes place rapidly in 10-12 second [36, 37]. Throughout the transition, atom displacements may cause the electronic charge in VO2 crystal network to be redistributed, and consequently influence the nature of vanadium-oxygen system [33]. It should be noted that VO2 crystals are inclined to shatter after a small number of phase changes. Thus, thin films structures are more of interest for practical applications because of their better endurance towards structural deformity [35]. However, when contrasted to VO2 single crystals, thin films go through phase transition within an extended temperature range; and they exhibit less variation in their properties. These deviations might be associated with several factors, like defects or non-stoichiometry in crystals and dimensional impacts [38].
VO2 has a rutile tetragonal structure (above Tt) with every vanadium atom connected to six adjacent oxygen atoms creating an octahedral shape. This structure is known as the metallic R-phase related to P42/mnm space group with the lattice variables of a = b =4.553 Å and c = 2.849 Å [39]. From the value of lattice parameters, it can be inferred that c/a ratio is smaller than ordinary rutile compound that makes the vanadium atoms to be closer in direction of c-axis.  
Below Tt, VO2 goes through an invertible transition and its structure changes to a monoclinic crystal belonging to P21/c space group with lattice parameters of a = 5.75 Å, b = 4.52 Å, c = 5.38 Å and β = 122.60˚ [39]. The insulator state for VO2 is presented by breaking the overlapping bond when the metallic symmetry turns into a zigzag shape along the c-axis [40]. As shown in Fig. 2, the band gap alternation from 0 to 0.65 eV is the driving force for the properties variations during MST phase transition. 

Fig. 2. Band structure diagram of VO2 [41]
Although the MST phase transition has been observed for VO2 crystals, but the principle of its occurrence is not fully understood yet. Different hypotheses have been introduced by researches to describe this transition. In this regard, some important theories are summarized in this paper, however an exhaustive history of MST transition can be found elsewhere [16, 17]. 
At first, insulators with a small band gap were believed to act as semiconductors due to thermal excitation of electrons [42, 43]. The free electron theory was adopted to explain the observed phenomenon, but later, Boer and Verwey [44] questioned the simple band hypothesis because of disregarding the electron repulsion, particularly in the case of transition metal oxides. Then in 1949, Mott [45] proposed a crystalline array of atoms with only one electron and a changeable lattice constant (b). It was claimed that material is in metallic state if the value of b is small and in contrast, it tends to be insulator at the larger values of b. 
Further improvement occurred later by Hubbard [46], who discovered that the energy gap in partly-filled bands had decreased to zero when the ratio of band width to coulombic energy between the ions reached to its critical value and as a result, the insulator to metal transition happened. Nonetheless, the phase transition is not always due to the electron-electron interactions. The proposed mechanism of metal to semiconductor transition by Adler’s group [47] outlined that a structural distortion in crystal network encourages the formation of a band gap due to the ions coupling over the crystal symmetric layers. The band gap then reduces by the heat energy stimulation, and the phase transition takes place at so-called transition temperature. Given the above, the order of phase transition relies on the correlation between energy gap change and amount of excited charge carriers. The phase transition can be first or second order correlated to its thermodynamic potential derivatives such as Gibbs free energy [47]. The first and second derivatives of thermodynamic potential function show discontinuity for the first and second order transition, respectively. It is worth mentioning that because of the conductivity changes during the transition, this phase transformation was preliminary known as the metal-insulator transition, however, it was renamed to metal-semiconductor transition [48].
Fig. 3 presents the typical spectral optical properties of VO2, showing that the reflectance near the IR region greatly varies with temperature as a result of MST phase transition. It can be observed that the IR reflectance is drastically higher above Tt. However, Both metallic and semiconducting state of VO2 has limited transparency in the visible region due to high inter band absorption at the mentioned wavelengths [49]. The luminous transmittance (Tlum) of VO2 is reported to be in range of 40-50% [50-53], which is not sufficient in comparison with the required visible transparency of 60% for a proper window application [54]. In addition, having high Tt value and low solar modulation ability (ΔTsol) are other major limitations of thermochromic VO2 coatings [55]. Therefore, VO2 has to be modified in order to be suitable for the smart window application.


Fig. 3. Spectral reflectance (R) and transmittance (T) for VO2 film above (H) and below (C) Tt [56]
The way in which a metal oxide is synthesized has a great influence on its characteristic and functionality [57]. Thus, many experiments have been conducted to fabricate VO2-based coatings with specific stoichiometry, grain size, crystallinity and morphology, using various deposition methods, including chemical vapor deposition [19, 50, 52], pulsed laser ablation [25, 58], sputtering deposition [51, 59], electron beam evaporation [60]. It has been claimed that the abovementioned techniques offer high controlling quality regarding the process parameters, such as oxygen partial pressure, film thickness and microstructure [7]. Nonetheless, these deposition methods are generally complicated and require costly equipment. In contrast, the sol-gel process [35, 61, 62] has been widely used to prepare VO2 thin films due to its low cost, large scale deposition and facile metal doping ability. 
Given that the main purpose of this article is to methodically review the sol-gel derived VO2 thin films, it might be useful to briefly explain the sol-gel fundamentals. In general, the concept of sol-gel process is to form an oxide network via hydrolysis and polycondensation of a precursor in a liquid intermediate. There is a strong probability that Van der Waals interactions and hydrogen bonds strongly affect the growth of the oxide network in solution through the formation of self-assemblies between the precursor molecules [63]. To perform deposition, the first step is to prepare a homogeneous sol consisting of a solvent and chemical precursor mainly from metal alkoxide, metal salt or molecular precursor such as V(acac)4 or VO(acac)2 [7]. Then, the prepared sol should be converted into a gel by condensation. The reaction in the sol-gel process is found to be determined by various factors, including chemical composition of sol, sequence and timing of adding the components, process temperature and presence of further additives (e.g. reagents, surfactants) [64]. Finally, gel with desired form or shape is annealed upon a neutral, oxygen or reducing atmosphere at approximately 600˚C to fabricate VO2 crystalline network.


4. Sol-gel and solution derived VO2 thin films
Sol-gel and solution deposition methods are of increasing interest due to the range of morphologies and surface features that can be coated, the relative simplicity and low cost of the techniques as well as the ease of scale up.
4.1 V2O5 precursor
Use of V2O5 as precursor material in synthesizing VO2 was first reported by Yin et al. [65]. In recent years, exploiting vanadic sol based on V2O5 has been observed more frequently compared to other common precursors since they are less expensive and have facile procuring process [16]. The reported values of phase transition properties are summarized in Table 1.
Table 1 Thermochromic properties reported for various VO2-based thin films 
	
	Integrated Tlum (%)
	ΔTsol (%)
	ΔTIR (%)
	Tt (˚C)
	Width (˚C)

	
	Below Tt
	Above Tt
	
	
	
	

	100-200 nm Si-Al VO2 film on ITO by dip coating [66]
	47.6
	47.3
	7.7
	-
	67.5
	5.0

	Dip coated SiO2-VO2 film on quartz [67]
	50.0 ұ
	49.7 ұ
	-
	57.7 †
	63.0
	10.0

	140 nm moth-eyed VO2 film on fused silica by dip coating [68]
	43.6
	45.3
	7.1
	19.4 ⃰
	-
	-

	Spin coated VO2 film on mica [69]
	-
	-
	-
	~73.0 ₸
	68.0
	8.0

	Spin coated VO2 film on slide glass [70]
	44.7
	44.0
	8.8
	41.5 ‡
	62.0
	-

	200 nm spin coated VO2 film on ITO [71]
	33.1
	38.7
	2.2
	50.1 †
	70.0
	10.0

	Spin coated VO2 film on mica [72]
	-
	-
	-
	70.0 ₸
	59.7
	37.8

	150 nm VO2 film on muscovite by spin coating [73]
	-
	-
	-
	67.0 ₸
	58.3
	39.6

	120 nm spin coated VO2 film on fused silica [74]
	50.6
	49.4
	14.7
	-
	-
	-

	

	
Ұ: Tvis at 670 nm

	
†: measured at 2500 nm
⃰ : measured at 1000 nm
₸: measured at 4 µm
‡: measured at 2000 nm



Application of thermochromic thin films is limited by low transmission in the visible spectrum. One solution to moderate this problem of VO2 is applying anti-reflection (AR) coating. In this regard, Liu et al. [66] utilized V2O5 powder, aluminum tri(sec-butoxide) and trimethoxysilane; and indicated that Si-Al coating annealed at 200˚C with optimal ramping rate of 3˚C/min exhibited good combination of Tlum (47.5%) and ΔTsol (7.7%). Their findings showed better optical properties compared to the fluorinated films reported in the literature [59]. This study also noted that divergence from the optimum annealing condition leads to decrease AR coating effects due to microstructural changes. Their results are in good agreement with another study in which V2O5 powder, benzyl alcohol and isopropanol solution were used to deposit VO2 films with average grain diameter of 103 nm [67]. As shown in Fig. 4, both studies confirmed the impact of AR coating on the optical properties of VO2 thin films. Li et al. [67] reported that films annealed at 410˚C had the highest transmittance difference (ΔTIR) at 2500 nm (57.5%), and it decreased when the annealing temperature diverged from its optimum value. This might be due to the fact that films were not completely reduced to VO2. Further, incorporation of SiO2 coating improved the transmittance value from 36% to 50% at λ=670 nm with no obvious effect on Tt (~63˚C). Increase in the spectral transmittance (λ=670 nm) is due to very low extinction coefficient of SiO2 (0.0003), which diminishes the absorption of incident light. Nevertheless, these enhancements are not satisfactory in terms of practical application of VO2-based smart windows. Better results are available in the literature, using multilayers structure of high refractive index coatings [75].

Fig. 4. Transmittance hysteresis loop at 2500 nm (a) Si-Al coated VO2 thin film [66] (b) SiO2 coated VO2 thin film [67]
As stated above, AR coating can boost Tlum, however this is seemingly accompanied by degrading ΔTsol. In this regard, Qian et al. [68] employed the biomimetic surface concept to fabricate VO2 films with moth-eye structure. Both Tlum and ΔTsol were notably enhanced due to repressing the reflection losses over a broad wavelength range that is influenced by periodical structure [76, 77]. The tapered structure of biomimetic surface (see Fig. 5) explains the progressive changes in the refractive index, which contributes to an infinite series of reflections [78]. The periodicity (d) of the biomimetic surface should be smaller than the wavelength of incident light (so interface scattering is prevented [78]). Thus, for the films with small periodicity of 210 nm, Tlum and ΔTsol exhibited 10 and 24.5% improvement compared with those of planner films. The bioinspired approach can be a novel opening to synthesize VO2 film with enhanced optical properties as it presents advantages over other methods, for instance multilayer structures that suffer from thermal stress during multiple heat treatment cycles and complex design [75].

Fig. 5. (a) AFM image and (b) Cross sectional SEM image of biomimetic VO2 (d=210 nm) [68]
Previous observations all coincide that modification of film structure is another effective way to enhance the phase transition properties [66]. Therefore, impact of synthesis and annealing condition on the film structure has been surveyed and will be discussed in this section.
Annealing parameters highly affect the phase transition characteristics in VO2 thin films. Shi and coworkers [79] conducted an experiment to discuss the morphology changes of VO2 thin films caused by different annealing temperature (300-700˚C) and time (20-90 min). They prepared VO2 films, utilizing V2O5 powder and DI water via dip coating process followed by heat treatment in N2 atmosphere. From their results, it can be deduced that annealing time had no significant impact on morphology of films since all the samples had approximately the same grain size distribution. However, by increasing the annealing temperature from 300 to 700˚C, the grain size increased to about 120 nm at the beginning and then decreased to 30 nm. The authors suggested that difference in grain size distribution could be described by various deformation energies to which each sample is exposed during heat treatment. In addition, the correlation between transmittance difference and film thickness was in good agreement with a study by Binions et al. [50] and also confirmed that variation in grain size-induced structural defects could be the reason for higher transmittance difference of thicker films [80]. It has been stated previously that compressive strain, grain size and stoichiometry would influence Tt [81, 82]. Accordingly, Shi’s [79] findings also showed that increasing film thickness would reduce Tt due to the microstructure variations. Nevertheless, there are significant discrepancies in the literature and further investigation is required to understand the exact relation between the grain size and Tt.
Annealing temperature is also a key factor in final valence of deposited vanadium oxide. Organic sol-gel deposition of V2O5 powder suspended in isobutanol and benzyl alcohol at different temperature (440-540˚C) led to obtain thin films with different morphology and microstructure [69]. This study indicates that monoclinic VO2 (011) crystals were obtained at the annealing temperature in range of 460-500˚C, although the optimal crystallinity was at 500˚C, where the full width at half maximum (FWHM) was the least (0.408). However, other vanadium oxides such as V6O13 and V2O3 were present at the lower temperature, most likely due to the inadequate reduction [69]. Furthermore, results suggested that the films annealed at 500˚C exhibited considerable MST characteristic (Fig. 6). Strong ΔTIR of 73% was reported, which can be attributed to the high content of VO2 (M). The VO2 thin films annealed at 500˚C also demonstrated the narrowest hysteresis width (8˚C) among others. The inserted SEM graphs in Fig. 6 prove the correlation between grain size variation and hysteresis loop features, which is also consistent with previous results [50].

Fig. 6. Optical transmittance hystresis loop for the films anneaded at (a) 440˚C (b) 500˚C (c) 540˚C and corresponding SEM images (insert) [69]
Zhao and coworkers [70] conducted further experiments based on a precursor consisting V2O5 powder, oxalic acid and ethyl alcohol to investigate the effect of annealing temperature on the extent of thermochromic phase transition. A good combination of Tlum (44.7%) and ΔTsol (8.8%) was reported for the films annealed at 450˚C. These results are interestingly comparable to those of the bioinspired films with AR features as reported earlier [68]. It was acknowledged that both Tlum and Tsol increased by raising the annealing temperature, but ΔTsol showed different trend as it firstly reached to its largest value for the samples annealed at 450˚C, then it fell down constantly with further temperature increase. The authors explained the drastic variation of ΔTsol by the fact that crystallinity of VO2 enhanced when the annealing temperature increased up to 450˚C, however, by further escalation of temperature, sodium ions diffused into the films from the glass substrate, leading to form NaV4O7 and NaV6O15 prism-shaped particles (Fig. 7a). Thus, It might be possible to assume that presence of NaV4O7 and NaV6O15 greatly improve Tlum and Tsol while adversely influence ΔTsol due to decreasing VO2 content. 
Moreover, a study on importance of the annealing atmosphere has been carried out by Ning et al. [71]. A comparison of films synthesized in CO2 and vacuum led to the supposition that CO2-annealed films exhibited 16% improvement in Tlum compared to that of vacuum annealed ones, while ΔTsol remained constant about 2.1%. The increment of Tlum can be attributed to the formation of porous structure caused by the lower solubility of CO2 in the grain boundaries. Fig. 7b depicts the evolution of VO2 (V2O5→V3O7→VO2) at different annealing temperature. Increasing annealing temperature induced formation of zero-dimensional island structures with AR effect, leading to further increase of Tlum to 61.3%; however, the intense scattering of those isolated structures gave rise to the decline of ΔTIR. This study also showed that increasing annealing temperature to 750˚C could broaden hysteresis width to 30˚C, which is comparable to the result of Xu’s group [73].

Fig. 7. XRD pattern at different annealing temperature (a) [70] (b) [71]
[bookmark: _GoBack]Utilizing surfactants is also another effective way to control the microstructure of VO2 thin films. Shape and size of the nanoparticles can be determined by selecting a suitable surfactant, as their usage would limit the growth mechanism of particles by influencing the surface tension of solution [83, 84]. In general, surfactant adopts specific orientation when its micelles are placed within the solution network, serving to obtain different surface morphologies. Cetylmethyl ammonium bromide (CTAB), polyethylene glycol (PEG) and sodium dodecyl sulfate (SDS) were utilized by Xu et al. [72] to investigate their impact on morphology and thermochromic properties of VO2 films. In case of CTAB, Spherical nanocrystals were obtained considering the fact that it causes a noteworthy viscoelasticity and consequently deteriorates the particles growth (Fig. 8b). It was also observed that island-shaped VO2 particles were formed by adding PEG (Fig. 8c), this can be attributed to the ring-network structure of nonionic PEG when dispersed into solution [85]. V2O5 colloid with anionic SDS surfactant offered a pearl-necklace arrangement, leading to form strip-shaped nanocrystal of VO2 (Fig. 8d). The optical performance of VO2 films derived from different surfactants were also reported by Xu’s group [72]. The IR transmittance difference (at λ=4µm) had approximately constant value of 70% for pure, CTAB and PEG-added VO2 films. However, this value for SDS-added film reduced considerably to 39% because of the interface scattering phenomenon caused by the strip-shaped structure of particles [85]. Furthermore, the surfactant-added VO2 films demonstrated lower Tt and broader hysteresis width compared to those of pure films. For instance, Tt and hysteresis width for PEG-added films were 59.7 and 37.8˚C, respectively, which is most probably resulted from the small grain size. It can be concluded that the grain refinement corresponding to the addition of different surfactant affects the MST characteristics of VO2 films. 


Fig. 8. SEM image of VO2 film when different surfactant was added (a) pure (b) CTAB (c) PEG (d) SDS [72]
In another study by Xu’s group [73], they proposed a facile route to control the hysteresis loop features by adjusting the synthesis condition, particularly the flow rate of reducing gas. VO2 films with different morphologies were derived by regulating the N2 flow rate, which is reported to affect the relative specific surface energy throughout the nucleation process [86]. Xu and coworker’s results [73] validated the importance of synthesis condition on the film properties. They exhibited a reasonable mid-infrared transmittance difference of 67% from nanosphere-shaped film synthesized under N2 flow rate of 30 ml/min. By increasing the N2 flow rate, the films morphology gradually changed to rod-shaped particles, and consequently ΔTIR and hysteresis width decreased to 23% and 26.4˚C, respectively. The reduction in hysteresis width appears to be well supported by Kang et al. [86], who stated that the interconnection between nanorod-shaped particles enhances the heat transfer between the grains, resulting more rapid transmission.
Freeze drying method has been employed to prepare nano porous VO2 thin films with enhanced Tlum and ΔTsol simultaneously [74]. Freeze drying offers a repression effect on the absorption and reflection of films in the visible spectrum, which causes an increasing trend in value of Tlum. The formation of inter-grain pores during solvent decomposition can reduce the refractive index of the medium, enabling more light penetration through the films [87, 88]. Cao et al. [74] pointed out that altering the pre-freezing temperature, precursor concentration and film thickness could adjust Tlum (50 - 71.6%) and ΔTsol (5.6 - 14.7%). Compared to the reported data by Kang and coworkers [89], who utilized polymer assisted deposition (PAD) technique, freeze dried films consisting 7.5 ml of H2O2 solution exhibited a better combination of thermochromic performance (Tlum ~ 50% and ΔTsol ~ 14.7%). 
Thermal stability of VO2 film is also an important factor for its application. Previously, it was found that VO2 films showed different thermal stability when prepared by various methods on different substrates [90]. More recently, in an attempt to investigate thermal stability, Li et al. [91] used V2O5 powder and DI water to deposit VO2 films on muscovite substrate and then treated as-prepared samples at different heating regimes. They noted that VO2 grain varied in shape from grainy to larger bar-like structure corresponding to oxidizing VO2 to V2O5 at the air-annealing temperature higher than 300˚C. XPS results also showed that the relative ratio of V4+ decreased from 74.6 to 18.4% when the air-annealing temperature increased to 370˚C. Consequently, the IR transmittance switching efficiency decreased considerably as a result of reduction in VO2 content. On the other hand, as-prepared films were thermally stable up to 200˚C at which both Tt (~61˚C) and switching efficiency (~81%) remained unchanged.
4.2 VO(acac)2 precursor
Vanadyl acetylacetonate (VO(acac)2) is another common precursor which has been used for preparation of sol-gel derived VO2 thin film. Compared to the vanadium alkoxide, it has less susceptibility to excessive hydrolysis and no extra step is needed to reduce V5+ to V4+ as the valance of vanadium is already four. Of more importance is its low cost and low toxicity, making VO(acac)2 a suitable candidate for synthesis of VO2 [62]. Like all solution phase deposition methods, synthesis condition can modify the film properties. In this regard, the impact of processing parameters has been examined repeatedly, including the reducing atmosphere, drying and annealing temperature and aging of the precursor sol [92-94]. 
The film morphology could be affected by little modifications in the synthesis condition, while films are still in the gel phase. The correlation between sol aging time and film microstructure was tested by Wang and Chen [94]. Metastable VO2 nanocoral and nanoneedle were synthesized by tuning the aging time of similar VO(acac)2-methanol solution (Fig. 9a & b, respectively). They noted that the latter morphology could be transformed to nanofacet VO2 (M) particles after 4 hours of post-treating at 600˚C in ambient temperature. It can be inferred that butterfly-shaped nanocrystals were formed during the aging time when VO(acac)2 blocks initiate to grow in methanol solution [94]. 
In the following year, Minch’s group [92] examined the effect of gel drying temperature after coating process. Fig. 9c & d show a significant distinction between the films deposited at different gel drying temperature. Nanoporous equiaxed VO2 and self-organized hemispherical V2O5 discs were obtained when the gel drying temperature was much lower and higher than the solvent boiling point, correspondingly. The presence of V2O5 microstructure can be explained by the fact that the higher evaporation rate of solvent leads to oxygen absorption from the surrounding atmosphere [92]. This factor is probably responsible for the oxidation of V4+ to V5+.



Fig. 9. SEM images of thin film (a) butterfly-shaped nanocoral  (after 24 h aging) (b) nanoneedle structure (no aging) [94] (c) nanoporous equiaxed VO2 (Td < solvent boiling point) (d) self-organized hemispherical V2O5 discs (Td > solvent boiling point) [92]
Well-crystallized VO2 films were fabricated in wet N2 ambient with flow rate of 4-9 ml/min, which reduced the sublimation of VO(acac)2 as much as possible [93]. A two-step annealing system was adopted to obtain VO2 crystals, consisting a warming up step at 550˚C for 35 min followed by another heating step up to 600˚C. The deposited films demonstrated an electrical resistance transition of two orders of magnitude, confirming the presence of VO2. As proposed by previous studies [95, 96], experiments by Berezina et al. [93] also proved that stable formation of VO2 is highly influenced by the temperature and the oxygen partial pressure (PO2). For instance, VO2 is oxidized to higher valances (e.g. V6O13) at 600˚C with PO2 values higher than 10 atm. [93].
4.3 VO2 particles
Nanoscale VO2 particles can be fabricated in a number of ways, for example mechanical milling [97] or hydrothermal synthesis [98]. Though, many of the conventional routes suffer from numerous intrinsic problems, including low control over nanoparticle properties and production scale-up [99]. To overcome these issues, novel fabrication methods have been proposed recently to prepare highly controlled and scalable VO2 nanoparticles via continuous hydrothermal flow synthesis [100], microwave-assisted hydrothermal process [101] and lyophilisation [99]. 
Direct embedding of VO2 particles in polymer composites is found to be an efficient method for obtaining thermochromic thin films. Two studies examined the effect of composite host on the MST properties of VO2 films. One of which reported that submicronic VO2-polymer coating had a proper transmittance with average of 65% in the visible region and ΔTIR of about 25% [102]. As shown in Fig. 10, the relative refractive index of the effective medium is contingent on both VO2 and composite indexes, having the characteristics intermediate between VO2 and the dielectric host. Size and volume fraction of VO2 particles are important factors in determining the optical properties of the composite coating [103]. This apparent relation was justified by multiple scattering effect of the embedded particles [102]. The VO2-polymer coatings exhibited an increasing trend in value of ΔTsol from 3.8 to 11.6% as the volume fraction of VO2 altered form 0.3 to 3.0. However, the spectral transmittance in the visible region decreased largely due to the diffuse scattering effect caused by submicronic size of particles [102]. 


Fig. 10. schematic of solar modulation ability for VO2-polymer Composite (a) bellow and (b) above Tt [102]
Another study by Xiao et al. [104] noted that VO2 composite film with acrylic resin showed large ΔTIR of 37.3% at 2000 nm; however, ΔTsol was still relatively weak (3.5%). The highest visible transmittance was nearly 48%, which is considerably lower than that of the VO2-polymer coating [102]; this lower transmittance can be originated from different film thickness and volume fraction of VO2 particles. The findings of both studies allow us to point out that the host matrix does not have any influence on Tt. 
4.4 Other approaches
One of the main drawbacks of using VO2 films as smart window is the trade-off between Tlum and ΔTsol [105]. The value of these two properties is mainly dependent on the optical constant, microstructure and film thickness [106]. 
Recent investigations have focused on formation of porous VO2 films and improvement of their thermochromic performance. Mathematical estimations by means of an optical-admittance recursive method claimed that air in porous VO2 structures could enhance both Tlum and ΔTsol [7]. In this regard, PAD technique has garnered great interest due to its simplicity to achieve nanoporous structure [89]. The PAD route offers a uniform metal-organic structure as the polymer modifies the sol viscosity, and interconnects the metal ions in solution [107]. 
Polyvinylpyrrolidone (PVP) was used in one study by Du et al. [106] to assist film deposition from vanadium oxide sulfate hydrate (VOSO4.xH2O), and concurrently effect of zinc chloride (ZnCl2) on the film roughness was investigated. It was conceivably assumed that the compatibility difference between ZnCl2 and PVP caused phase separation during drying process. Thus, VO2 films with higher zinc atomic ratio exhibited larger microroughness, which considerably enhanced the optical transmittance of the films due to reduction of the refractive index. The results also showed an improved thermochromic properties (Tlum =59.3%, ΔTsol=10.5%) for the spin coated films with Zn/V=0.1 on fused silica substrate. 
Another study on the synthesis of VO2 films by PAD was reported by Yue and coworkers [108] who used ammonium metavandate (NH4VO3) and polyethylenimine (PEI) to demonstrate a correlation between annealing temperature and MST properties. The value of Tt, ΔTIR (at λ=4.5µm) and hysteresis width was found to have a decreasing trend with increasing annealing temperature (Fig.11). It was shown that the grain size distribution and compactness of films varied when annealing temperature increased from 510 to 610˚C, confirming the microstructural changes. Also, they justified the reduction in ΔTIR by the effective medium theory since the overall metallic fraction was reduced when the annealing temperature increased. 

Fig. 11. Optical transmittance hystresis loop for the films anneaded at (a) 510˚C (b) 560˚C (c) 610˚C and corresponding SEM images (insert) [108]
5. Doping
Many studies have been published on synthesis and properties of doped VO2 thin film, with a specific focus on the optimization of Tt (summarized in Table 2). For smart window systems, the value of Tt should be in the vicinity of ~25˚C [55]. It has been suggested that insertion of dopants into VO2 lattice can modify Tt [109]. In this context, Tungsten (W) is known to be the most promising cation to cut down Tt by the extent of 20-26˚C per at.% [110]. However, careful attention must be paid when employing tungsten` dopant as it seems to reduce both Tlum and ΔTsol [111]. Apart from the slight discordance in Liu and coworker’s experiment [112], the results of other reviewed papers [70, 113] concur well with the above.


Table 2 Thermochromic hysteresis features reported for pure and doped VO2 thin films
	Doped VO2
	Tt (˚C)
	Width (˚C)
	Efficiency
(˚C per 1 at.%)

	
	Pure
	doped
	pure
	doped
	

	V0.99W0.01O2 [70]
	62
	37
	~15
	~7
	↓ 25

	V0.996W0.004O2 [104]
	68
	56
	15.2
	8.3
	↓ 30

	V0.897W0.103O2 [112]
	52
	50
	24
	18
	↓0.2

	V0.99W 0.01O2 [113]
	55
	35
	20
	12
	↓ 20

	V0.94W0.02 Mg0.04O2 [114]
	63.8
	35.05
	19.8
	8.9
	

	V0.832Ce0.168O2 [115]
	68
	60
	12
	16
	↓ 4.5

	V0.972Ti0.028O2 [116]
	61
	71.5
	3
	13.5
	↑ 3.7



Doped VO2 thin films with 1 at.% of tungsten were synthesized from a solution-based process of V2O5, oxalic acid, ethyl alcohol and ammonium tungsten hydrate [70]. This study proved that the transmittance values are substantially lower than those of undoped films. Also at the same level of doping, the transition temperature reduced to 37˚C and hysteresis width was narrowed down. 
In addition to the significant effect of grain size, reduction in the hysteresis loop can be also explained by martensitic transformation model [117]. Furthermore, the findings of Xiao’s group [104] provides additional insight into the degree of change in hysteresis width. Interestingly, they proved that MST hysteresis width is determined by the leveling between impact of defect and particle size. This study reported that low content of tungsten (0.4 W at.%) could reduce the hysteresis width due to the increase of defect-induced nucleation [104], on the other hand, the hysteresis loop became wider by increasing the doping level as a result of smaller grain size [80]. 
Unlike other research carried out in this field, Liu et al. [112] observed an unusual fall-off rate of 0.2˚C per at.% for W-doped films as the transition temperature decreased from 52 to 50˚C, which is way smaller than expected. These results could be possibly due to different sources. In general, the transition temperature can be influenced by the electron career density, dopant ion size and charge [16], however it seems that the extent and mechanism in which dopant atoms affect Tt still requires further investigations. The most prevalent theory used to explain the effect of tungsten doping is that the insertion of high valence W6+ into VO2 lattice would interrupt V4+-V4+ bond which lower the band gap of VO2 and consequently reduce Tt [52]. 
In Liu and coworker’s experiment [112], there was also a considerable enhancement in ΔTIR of W-doped films. The authors described the lower transmittance change of pure VO2 by deficient quality of crystallinity, but they failed to further justify their observations.
A more recent study of W-doped VO2 via PAD method proposed that ΔTsol decreased with the increase in tungsten concentration, while Tvis and Tlum maintained unchanged around 60 and 45%, respectively [113]. The enhanced transmission in the visible region can be associated with the porous structure of films prepared by PAD. Further, the depletion rate of 20˚C per W at.% and hysteresis width of 12˚C was reported for V0.99W0.01O2, which is beneficial for the practical use of VO2-based smart windows. 
In order to optimize both Tt and optical transmission, codoping of tungsten and other metal ions in VO2 has been investigated repeatedly [25, 61, 118].  Following this, Mg/W codoped thin films demonstrated an interesting synergetic effect between magnesium and tungsten; owing to the decreasing rate of Tt for tungsten and magnesium capability to improve Tlum [114]. When applied separately, tungsten and magnesium doping show opposite effect on the absorption coefficient of VO2, and consequently magnesium doping greatly enhances Tlum while incorporation of tungsten leads to reduce Tlum. The decrease in absorption of Mg-doped films was attributed to the band gap widening effect of magnesium [119]. Wang’s group [114] focused on the superior combined thermochromic properties of V0.94W0.02Mg0.04O2 films, including low Tt (35˚C) and high Tlum (81.3%) with ΔTsol of 4.3%. They observed slight increase in Tt when magnesium doping level increased at constant tungsten concentration and concluded that the reason was the reduction of free electron/hole charge carrier density due to the coexistence of Mg/W in VO2 lattice as noted previously [120]. 
Apart from tungsten, there are also other dopants that can be embedded in VO2 lattice. Song et al. [115] prepared Ce-doped VO2 films by sol-gel method, utilizing V2O5 and cerium (III) nitrate hexahydrate. They found that Tt decreased by 4.5˚C per Ce at.%. Incorporation of large radius cerium in VO2 network caused the lattice to expand and consequently increased the compressive strain that could be the reason for reduction of Tt [121, 122]. Also, the hysteresis loop of Ce-doped VO2 films became wider as the dopant concentration increased. The smaller grain size of doped VO2 explains the larger hysteresis width, due to the suppressing effect of cerium on grain growth [89]. On the contrary, Ti-doped VO2 films with elevated phase transition temperature were fabricated by Hu et al. [116], using titanium (IV) dibutyl phthalate as the doping source. In contrast to the previous results [123], the optical transmission of films was unchanged after titanium doping, but their results obviously outlined the impact of titanium on the MST properties. The phase transition temperature increased from 61˚C (pure films) to 71.5˚C for the films with 2.8 Ti at.%. As stated before, larger grain size would cause increasing Tt, however, in Hu’s study [116], the grain size of VO2 reduced from 60 to 15 nm by introducing titanium cation to the VO2 network which is in line with titanium doping mechanism reported elsewhere [124], thus titanium would appear to escalate the amount of defect-induced nucleation, leading to increase Tt and narrow down the hysteresis width simultaneously. A schematic overview of doping-dependent hysteresis features for the reviewed articles has been compiled and plotted in Fig. 12.




Fig. 12. variation of transition temperature and hysteresis width with dopant concentration (a) w-doped [104] (b) W-doped [113] (c) Mg/W doped [114] (d) Ce-doped [115] (e) Ti-doped [116] (dashed line in a,b,e denotes the hysteresis width)
6. Conclusion
A thorough review of sol-gel derived VO2 thin films is outlined in a comparative way, highlighting the structural and optical properties of the thin films. The principal performances of the thin films synthesized by different precursors have been summarized. Based on this literature survey, the results indicate that use of biomimetic surfaces could be of specific research interest. This approach appears to boost both Tlum and ΔTsol when compared to other methods, such as multilayer coating systems. The sol-gel method provides a facile synthesis technique with high levels of control over the film morphology and optical properties. By regulating synthesis and annealing conditions, VO2 films with good optical performance were fabricated, exhibiting a broad range of variation in Tlum (33.1-81.3%) and ΔTsol (2.2-14.7%). In terms of addressing the high values of Tt, doping could be employed to precisely tune the transition temperature. Mg/W codoped thin films with high Tlum (81.3%) and low Tt (35˚C) demonstrated an interesting synergetic effect between magnesium and tungsten.
It is evident that recent research has led to significant advances in thermochromic VO2 film technology and that these materials are now of practical interest. However, there is still room for improvement, overcoming the intrinsic shortcomings associated with the commercialization of VO2-based smart glazing systems, will require finding innovative solutions to meet the criteria for large scale production.
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