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Abstract 

 

The material presented in this thesis highlights different ways of producing 

temperature-responsive monoclinic VO2 [VO2(M)] for energy-efficient glazing 

applications, and the improvement of their thermochromic properties.  

  VO2(M) has been widely studied due to its specific thermochromic properties, 

which make it a promising material to use in home and commercial façade glazing for 

reducing energy consumptions. 

 VO2(M) thin films were deposited on glass substrate using atmospheric chemical 

vapour deposition (APCVD) - a well-known deposition process commonly used in 

industry. The thermochromic properties of the films were optimised, which resulted in a 

doubling of the visible light transmittance (TLUM) and a fivefold increase in the solar 

modulation efficiency (ΔTSOL). Further improvements of the thermochromic properties 

were carried out by the synthesis of VO2-based multilayers. 

Aerosol-assisted chemical vapour deposition (AACVD) was also used to produce 

VO2(M) thin films from a newly produced vanadium alkoxide precursor. Furthermore, this 

precursor showed to be ideal for the formation of V2O3 films with bixbyite structure, which 

had interesting gas sensing properties. This is the first time that bixbyite-type V2O3 has 

been synthesised as thin films using AACVD. 

 Finally, continuous hydrothermal flow synthesis (CHFS), a lab-scale process that 

showed promising results for the production of nanoparticles (NPs) at semi industrial-

scale, was used to synthesize VO2(M) NPs. The direct synthesis of phase-pure 

monoclinic VO2 was achieved for the first time, with an average particle size smaller than 

40 nm.  
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Impact Statement 

 

This thesis presents the synthesis of thermochromic thin films and nanoparticles for 

energy-efficient glazing applications. The findings were communicated to the scientific 

community through conferences and publications in scientific journal. An awareness-

raising initiative was conduct amongst habitat professionals at the FutureBuild event, 

regarding the possibilities that thermochromic VO2(M) thin films can offer for energy 

consumption savings in buildings. Similarly, public engagement activities were initiated 

at the royal society summer science exhibition for informing the public about current 

research and developments on energy-efficient glazing.  

 

This work provides a method for producing phase-pure monoclinic VO2 films on glass 

substrate, that have good thermochromic properties, from inexpensive commercial 

precursors, and by APCVD, a commonly used deposition process in industry. This can 

offer supports for the development and the implementation of intelligent windows for the 

building market. A recent study, carried out by the industry analyst n-Tech Research, 

determined that smart windows materials industry is expected to be worth 

approximatively $760 million by 2020, with thermochromic materials being the fastest 

growing product segment 1. In addition, specific VO2-based multilayers were identified to 

reinforce the oxidation resistance of VO2, and to increase the thermochromic properties.  

 

Furthermore, this thesis has revealed a new route to synthesize bixbyite-type V2O3 

films by AACVD. The films showed good chemical stability over time - this could help 

similar research projects that encountered rapid oxidation of their materials. Moreover, 

the films also have interesting gas sensing properties, which display reasonable oxygen 

sensor characteristics at relatively low operating temperatures (150-250°C). This is a 

potential benefit for the research and development of commercial oxygen sensors, 

especially with regard to miniaturization. The technological progress in oxygen sensor 

miniaturizations is limited by their high operating temperatures (above 350°C), which 
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require a heating unit to be placed inside the sensor. Up to now, the decrease of the 

operating temperature was obtained by doping the material with expensive noble metal 

dopant, such as platinum. 

 

Finally, this project introduced a lab-scale process (CHFS) to directly produce phase-

pure VO2(M) nanoparticles (NPs) at semi-industrial scale. This technique provides 

numerous advantages including a high production volume of NPs (kg/hour of material) 

in a good yield (typically above 85%), and good reproducibility.  The direct production of 

phase-pure material suppresses post-annealing steps, whch showed to negatively 

impact the particle size by increasing it. The NPs in this study had an average particle 

size below 40 nm, which is ideal for significantly improving thermochromic performances, 

provided that the NPs are well dispersed into a transparent polymer matrix. It is hoped 

that these results will highlight this recent apparatus as well as encourage and support 

research collaboration in the nanoparticles field.   
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1. Introduction 

1.1. Context 

Climate Change, due to an increase of anthropogenic greenhouse gases (GHGs) 

emissions, has been widely recognized by the scientific community and is becoming an 

increasingly major issue. From 1850 to 1980, the average Earth temperature has steadily 

increased, with some variations due to climatic conditions such as El Nino or volcanic 

eruptions. Over the last 40 years, however, the average global temperature has begun 

to rapidly increase, resulting in strong climate warming - without any climatic conditions 

to explain it. This resulted in the average global temperature, in March 2016, rising by 

approximatively 1.5 °C compared to 1850 2. A strong correlation with the rise of the total 

anthropogenic GHGs emissions can be observed as they have increased by 61% over 

the same period 3.  

Climate changes resulting from the increase of GHGs can already be seen 

through the melting of polar ice-caps – leading to an increase in flooding and extinction 

of species. Similarly, it could also affect the water supply and demand, as well as the 

world’s food supplies 4. Furthermore, there are consequences for health services, with 

an increase in infectious diseases and microbial proliferation 5. The infectious diseases 

will be mainly tropical diseases such as yellow fever, dengue fever, and west-Nile virus. 

These are often carried by mosquitos and are likely to spread further from the equator 

as the planet warms, allowing mosquitos to breed in more places. 

 This issue requires international cooperation to alleviate the worst effects and 

prevent further increases in temperature. It has, therefore, led to the establishment of 

institutions specialized in climate change such as Intergovernmental Panel on Climate 

Change (IPCC), and for the creation of the environmental treaty United Nations 

Framework Convention on Climate Change (UNFCCC), implemented in 1992. The 

UNFCCC main objective is to control anthropogenic greenhouse gas emissions for 

preventing interference with the climate system. To achieve this, the convention’s parties 
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meet during conferences, named the conference of the parties (COP), whereby climate 

change discussion are held and policy measures enacted, which can lead to agreements 

such as the Kyoto protocol 6. The most recent agreement was achieved in 2015 during 

the COP21 in Paris: The Paris agreement. The parties agreed on tackling climate change 

through various measures helping to reduce anthropogenic greenhouse gas emissions 

– detailed in article 2 7. 

 “Article 2. This Agreement (…) aims to strengthen the global response to the threat 

of climate change (…) by: (a) Holding the increase in the global average temperature to 

well below 2°C above pre-industrial levels (…) recognizing that this would significantly 

reduce the risks and impacts of climate change; (b) Increasing the ability to adapt to the 

adverse impacts of climate change and foster climate resilience and low greenhouse gas 

emissions development, in a manner that does not threaten food production; and (c) 

Making finance flows consistent with a pathway towards low greenhouse gas emissions 

and climate-resilient development.“  

 In order to achieve the goal set in article 2, the parties pledge to decrease their 

national GHGs emissions through a range of measures detailed in their nationally 

determined contributions (NDCs) that they committed to submit every 5 years according 

to the article 4 of Paris agreement, the first of which will be published in 2020.  

 “Article 4. (...) Each Party shall prepare, communicate and maintain successive 

nationally determined contributions that it intends to achieve. Parties shall pursue 

domestic mitigation measures, with the aim of achieving the objectives of such 

contributions. (…)“ 

According to the UNEP (United Nations Environment Programme) emissions gap report, 

the NDCs are not sufficient to reach the Paris agreement goal temperature 8. They 

estimated that even if all the actions detailed in the NDCs are implemented, that would 

constitute only a third of the GHGs reduction needed to hold global warming below 2°C 

compared to pre-industrial levels. The report indicates that this gap, between the GHGs 

emissions reduction necessary to reach Paris agreement goals and the potential 

emissions reduction obtained from the full establishment of the NDCs, represents 
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gigatonnes of CO2 emissions (GtCO2e). Consequently, to maintain the global 

temperature below 2°C, they estimated a gap of 11 to 13.5 GtCO2e, while limiting the 

temperature below 1.5°C could represent a gap of 16 to 19 GtCO2e. The implementation 

of more ambitious policies, however, could help tighten this gap, especially in 6 sectors 

identified as key sectors by UNEP, which are: agriculture, buildings, energy, transport, 

industry and forestry. These sectors could generate a total potential reduction of 35-41 

GtCO2e by 2030 9.  

The buildings sector represents an interesting area as it is one of the biggest 

energy users.  According to the report “Buildings and Climate Change” of UNEP, the 

building sector contributes up to 1/3 of the total greenhouse gas emissions, which is 

mainly due to heating, cooling and lighting needs 3,10. In addition, Climate Action Tracker 

(CAT) - the result of collaboration between three research organisations, delivering 

scientific analysis on climate since 2009 - warned about the predicted building sector 

emissions under the current pledges from the NDCs 11. They estimated an increase of 

61% of the emissions of this sector between 2015 and 2030, and the emissions to be 

approximatively 9.5 MtCO2e per year in the course of 2030. Their analysis showed that 

reducing the carbon footprint of buildings play a significant role for reaching Paris 

agreement goals. According to a recent report released by CAT, one of the fastest way 

to reduce carbon footprint of buildings by 2030 would be the implementation of energy 

efficient technologies 12.  

Windows play a significant role in the amount of energy lost every year in the 

building sector. A promising approach to tighten the ‘gap’ would be, therefore, to replace 

existing windows by energy-efficient windows as well as to focus on the research and 

development of such windows. EuroWindoor, a group comprised of 17 national member 

associations representing 13 European countries, has recently released a report stating 

that replacing windows in existing building by more energy-efficient windows could have 

a significant positive effect on energy savings 13. Their calculations showed that the 

windows replacement in existing buildings could save 15% of the heating needs, and up 

to 67 Mt CO2 per year, which could help decreasing the carbon foot print of buildings.  
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In terms of energy performance, the windows are often defined by their thermal 

insulating capability, which is strongly correlated to the window’s frame as well as if the 

window is double glazed or triple glazed. There exist, however, multiple useful 

parameters which can define the energy efficiency of the glazing; this is a non-exhaustive 

list of such parameters (Fig.1): 

- Visible light transmittance (LT): The percentage of visible light passing 

through the window. 

- Thermal transmittance (U-value): This value corresponds to the heat loss (in 

watt) per meter square of glass (m2) and per the difference of temperature (K) 

between outside and inside a room.  

- Solar factor (g-value): This value refers to the heat gain. It corresponds to the 

heat (infrared radiation from the sun) which pass through the windows, and 

therefore heat the space. 

- Selectivity (S): It corresponds to the ratio between the TLUM and g – indicating 

the ability of the glass to stay transparent to visible light while reflecting near-

infrared. For instance, tinted panes have a low selectivity.  
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Figure 1: Solar heat gain, heat loss, light transmission and selectivity for a clear unit glass and in 
comparison, a solar control glass. The solar control glass parameters are based on the 
commercial product SGG COOL-LITE® SKN 145 from Saint-Gobain 14. The average solar 
irradiance is specifically related to London 15. 

These parameters give good information on the window’s energy performance –  

providing to consumers a clear picture of the potential energy savings. While displaying 

these values are not mandatory to sell glazing products, it is, however, now required to 

provide the thermal transmittance (U-value) of construction products such as windows. 

Since 2013, indeed, to sell construction products such as windows unit in the European 

market it is mandatory to fulfil the construction products regulation (CPR), whereby the 

product must have the CE-marking, a declaration of performance (DoP), and therefore 

complying with European standard 16. The DoP, in particular, asks the manufacturer to 

provide the thermal transmittance value (U-value) of construction products 17. This value, 

listed above, corresponds to the heat loss (in watt) per meter square (m2) and per the 

difference of degree kelvin (K). For instance, if a 5 m2 window has a U-value of 2 W/m2K, 

and it is 0°C outside (i.e. 273.15 K) and 20°C inside the room (i.e. 293.15 K), the heat 

loss is 2 (W/m2K) x 5 (m2) x 20 (K) = 200 W. This allows, for residential building, to inform 

the consumers on the energy efficiency of the windows and give them the possibility to 

reduce the carbon footprint of their habitat. This requirement is, however, quite recent as 

the measure was implemented in 2013. In Europe, however, 65% of residential buildings 
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were built before 1980, and 31% between 1980 and 2010, according to the EU buildings 

database 18. There is, therefore, a great opportunity in existing residential building sector 

for making them more energy efficient, and therefore reducing their carbon foot print. A 

EuroWindoor report stated that the thermal transmittance value (U-value) alone is not 

enough to describe the energy performance of a window, and the heat gain (g-factor) 

should be added as required information 13. The g-factor is an essential value as it 

corresponds to the heat (infrared radiation from the sun) which pass through the 

windows, and heat the space – it is the amount of solar gain a room undergoes. In fact, 

the light received by a window from the sun can be divided in 3 parts: the ultra-violet 

(UV), infrared (IR) and visible radiations (Fig.2) The infrared radiations can be 

differentiated according to their wavelength. The near-infrared light has a shorter 

wavelength than far-infrared. For instance, the near-IR can be associated to the direct 

heat received from the sun while far-IR correspond to the ‘household’ heat provided by 

domestic items such as heater, cooker and warm objects. When the near-infrared from 

the sun passes through the glass, it can heat objects in the room including the glass 

itself, which will re-emit radiation in response. This radiation belongs to the far-infrared 

region, which cannot pass through the windows as easily as near-infrared radiation. They 

stayed trapped in the room – resulting in overheating. This is the solar gain. EuroWindoor 

suggested to include these two values in window performances policies, whereby they 

would be combined in an equation they named the ‘energy balance’ requirement 19. The 

latter would give a better estimation of the energy savings for a window given according 

to multiple external variables such as the local climatic conditions. In a hot country, for 

instance, a window with a low g-factor will be more beneficial, while a high g-factor will 

be more valued in countries with cold winter.  
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Figure 2: Solar irradiance spectrum (AM 0) before reaching the atmosphere of the earth (yellow). 
Solar irradiance spectrum (AM 1.5) at the sea level (red). The loss between AM 0 and AM 1.5 
spectra is mainly due to the reflection and scattering of the radiation by the atmosphere and 
clouds. Earth longwave radiation spectrum (red with pattern). The spectra were plotted using data 
from NREL database 20.  

The g-factor of a glass panel can be changed by applying a coating on it. For 

instance, tinted glass will prevent the heat from the sun to penetrate the windows – 

resulting in a low g-factor. However, tinted glass also prevents the visible light to pass 

through the windows, which increase the lighting needs, and therefore the energy 

consumption of a dwelling. Another type of glazing with low g-factor is solar control 

glazing. It consists of a metallic thin film, deposited on the glass, which will reflect the 

near-IR, and avoid the space to heat. In addition, due to the thickness of the metallic film 

– a few nanometers – the glazing stay transparent to visible light. This type of coating, 

however, are passive coatings, i.e. they cannot adapt to their environment. Thus, they 

are more appropriate in hot countries, where they can limit the overheating of rooms and 

reduce air conditioning needs. In Europe, for instance, solar control glass can be useful 

during summer season. However, in winter time, a window with a higher g-factor could 

help save heating consumption. This has attracted a great interest for active energy-

efficient windows, i.e. which can adapt to their environment, such as intelligent glazing, 

also called ‘smart windows’. A recent study, carried out by the industry analyst n-Tech 



CHAPTER 1: INTRODUCTION 

 26 

Research, determined that smart windows materials industry is expected to be worth 

approximatively $760 million by 2020 1.  

 

1.2. Intelligent Glazing and Chromogenic Materials  

The use of intelligent glazing is a promising approach to improve the energy 

efficiency of buildings. Intelligent glazing refers to glass unit which has the ability to 

maintain thermal comfort in buildings by regulating the solar heat gain (g-factor) of a 

space – itself - as function of the external parameters such as temperature 21. They 

consist of a coating with dynamic optical properties deposited on a glass unit. The latter 

will be able to change its properties to let or reflect the heat radiation (infrared) from the 

sun, and therefore to change the g-factor of the windows. For instance, an intelligent 

glazing, would allow infrared radiation from the sun to pass through the window during 

cold days, as for winter, and provide heat to the room. While, during hot days, as for 

summer, the coating would reflect heat radiation – allowing the room to stay cool. In 

addition to a good modulation of the heat radiation, the coating should be transparent to 

let a good amount of visible light to pass through the window, and reduce the light needs. 

Intelligent coatings play an important role in the reduction of heating and cooling needs, 

and therefore the reduction of carbon foot prints of all size buildings. 

The materials used as the coating are part of the “chromogenic” class of materials in 

which an optical change is observed when an external stimulus is applied 22. Among this 

class of materials, the most known are electrochromic materials as well as 

thermochromic materials. The former can change its optical properties when an electric 

charge or voltage is applied.  Unlike passive coating, electrochromic coatings allow the 

user to change the appearance and the energy performance of the windows by applying 

electrical power – resulting in the shading of the glazing. Thus, the g-factor of such 

glazing can switch from 0.47 to as little as 0.04 – in the latter case allowing only 4% of 

the heat radiation to penetrate through the glazing 23. Although electrochromic coatings 

are quite popular among the range of intelligent windows – Saint-Gobain created an 

exclusive branch for this specific material, quantum glass – they have some 
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disadvantages. The most significant is the shading of the glazing which occurs when a 

voltage is applied to the coating. The shading allowed a reduce of g-factor, however, it 

also reduces visible light in the building, and therefore increases interior lighting needs. 

Light need is one of the main generator of GHGs in buildings along with heating and 

cooling needs. Faced with this issue, governments are considering the best policies to 

implement for limiting light needs. France has already implemented measures to reduce 

light consumption by requiring non-residential building to switch off lights at night. A 

report released by Climate Action Tracker stated that the policy in France allowed a 

reduction of 250 kt of CO2 as well as a reduction of electricity consumption equivalent to 

the one of 750,000 households 12. The second disadvantage is the need of human 

intervention to shade the glazing, which can be inconvenient for the user, but which is 

also inconsistent with the intelligent glazing definition. 

Another type of well-known chromogenic materials are thermochromic materials. 

Thermochromic coatings display a reversible optical change in response to temperature 

24. The optical change can occur, for specific oxides, in the near-infrared region of the 

solar spectrum. Thus, at a critical temperature (TC), the coating changes its properties to 

reflect the near-infrared radiation. Below TC, the coating let the heat radiation to 

penetrate through the windows. Unlike electrochromic materials, they do not need 

human intervention to change their optical properties. In addition, the great advantage 

of thermochromic coatings over tinted glazing and electrochromic coatings is that the 

coating can reflect the heat radiation without shading the glazing – resulting in a great 

amount of visible light in the room.  

 

1.3. Thermochromic materials 

Thermochromic materials are an example of such intelligent coatings and can play 

an important role in the area of energy-efficient glazing. They exhibit a reversible optical 

change in response to a temperature change 25. The change can occur in the visible 

region of the solar spectrum, which results in a colour change. The later can be seen in 

thermochromic coated mugs, which change colour when they are filled with hot liquid. 
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There are also thermochromic materials, such as certain oxides, where the optical 

change occurs in the near-infrared (NIR) region of the solar spectra. In this specific case, 

the human eye is not able to see the optical change. Nonetheless, it is this reversible 

specificity that makes them particularly attractive for energy-efficient windows 

applications. The optical change in the NIR region is due to a metal-to-insulator phase 

transition, which is triggered at a critical temperature – the transition temperature TC – 

which is intrinsic to the material. When the material reaches TC it transforms into a 

metallic phase, which will reflect the near-infrared radiation. Thus, such materials – 

applied as thin films on glass unit - can be used for the development of intelligent 

windows. 

These films would be able to regulate the amount of heat that passes through the 

windows depending on the temperature, and therefore could potentially reduce the 

needs of air-conditioning and heating, as well as reduce the carbon footprint of buildings 

of all sizes. During winter time, for instance, solar heating would be unaffected as the 

thermochromic coating allows NIR radiation to pass into the building. As a result, less 

heating would be required. In the summer, the coating actively reflects away the NIR 

radiation, and thereby there would be less need for air conditioning as less solar gain 

would occur. Figure 3 shows a schematic representation on the working process of such 

films.  
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Figure 3: Illustration of an operating thermochromic thin film applied on a glass unit. 

 To achieve this, the thermochromic thin film has to have a high visible light 

transmittance (TLUM), which is the amount of visible light passing through the window, 

during cold and hot days, for reducing the need of lights in building. Another key factor 

is its ability to modulate the heat (infrared radiations) received from the sun. The ‘ideal’ 

film would allow a high transmission of solar heat through the windows during cold days, 

and would reflect 100% of solar heat during hot days. This ability is defined by the solar 

modulation (∆TSOL), whereby the film should have the highest solar modulation possible. 

Finally, the phase transition temperature (TC) should be not over 45°C as it is unlikely 

that the glass unit will reach such temperatures in hot days during summer 26. A thermal 

analysis study on windows during summer and winter found that during summer, the 

external surface of an insulated glass windows could reach a maximum average 

temperature of 46°C on a sunny day, and 35°C on rainy days. Consequently, a TC value 

between 25 and 45°C will ensure an optimal performance of the thermochromic film.  

 Thermochromic oxides which display a metal-to-insulator phase transition are 

represented in Figure 4. Morin was one of the first to study the metal-to-insulator 

transition in binary oxides including VO2, VO, V2O3 and TiO2. He demonstrated a change 

of conductivity, in these oxides, of several order of magnitude at a transition temperature 

TC 27. This is an important feature as conductivity can be correlated to the solar 
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modulation (∆TSOL) through the emittance of the thermochromic oxides. The emittance 

of films depends on few parameters including the conductivity. As a consequence, the 

change of conductivity at TC, in the aforementioned oxides, indicates a change in their 

emittance. The emittance corresponds to a ratio between thermal radiations emitted by 

a material to the one emitted by a black body at the same temperature. According to 

Kirchhoff’s law of thermal radiation, the emittance is equal to the absorption at a given 

wavelength: 

∈ (𝜆) = 𝛼(𝜆) 

A black body is characterized by its ability to absorb all incident electromagnetic 

radiations, and therefore ∈ (𝜆) = 1. Thus, the emittance of a given material, which is not 

a black body, will be in a range between 0 and 1. Emittance values close to 0 describe 

materials which strongly reflect infrared radiation such as metals. As the emittance 

depends on conductivity, the emittance will decrease as the conductivity increases. 

Therefore, a change in conductivity will result in a change of emittance and cause a 

change of the reflection of the infrared radiation. Furthermore, the ability to reflect the 

infrared radiations – solar heat – as a function of temperature is defined by the solar heat 

modulation (∆TSOL).  As aforementioned, a high ∆TSOL – provided that the other 

characteristics such as TC are optimal - indicates a good performance of the 

thermochromic film, i.e. a high reflectance of the heat radiations during hot days and a 

good transmission of the later during cold days. That is, a good modulation of the heat 

radiations as function of temperature. Thus, the change of conductivity of several orders 

of magnitude observed by Morin, for several oxides, suggest a good solar heat 

modulation of these oxides – making them interesting for intelligent glazing applications. 

Furthermore, among these oxides, monoclinic Vanadium(IV) oxide (VO2) is the one with 

a TC closest to room temperature – around 68°C (Fig. 4). This feature makes VO2 the 

most interesting material for intelligent window applications, and has already been the 

subject of many studies 25 28 29 30. 
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Figure 4: Diagram of the transition temperature (TC) of some selected oxides. Adapted from 
reference 31. 

 

1.4. Vanadium(IV) oxide  

Vanadium oxides have a wide variety of phases and oxidation sates, and 

therefore definite experimental conditions are required to obtain the desired oxide. The 

most commonly synthesised vanadium oxides include V2O3, VO2 and V2O5. These 

oxides are thermochromic but VO2 is the only one to have a transition temperature close 

to room temperature (68°C). V2O3 and V2O5 have a transition temperature of ca. -103°C 

and ca. 257°C, respectively 32,33. Vanadium sesquioxide V2O3 has been widely studied 

for understanding the insulator-to-metal transition, and in particular the triggering factor 

for determining whether it is a Peierls or Mott transition34. Recently, its metastable 

polymorph V2O3(C), which crystallize in the bixbyite structure, has shown to be an 

interesting material for oxygen storage applications35. The divanadium pentaoxide V2O5 

is the thermodynamically stable phase and has attracted a strong interest for its use in 

lithium-ion batteries36. V2O5 can be used to synthesise VO2 by exposing the material to 

a reducing atmosphere. Vanadium(IV) oxide VO2 has several polymorphs such as VO2 
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(A), VO2 (B), VO2(D), VO2 (M) and VO2 (R) 37,38. VO2 (B) has been widely studied as a 

promising cathode material for Li-ion batteries 36, and could also be used as an IR 

detectors 39. Recently, VO2 (A) has attracted some interest due to its metal-

semiconductor transition resulting in a crystallographic transition at the Tc of 162 °C 40. 

VO2(A) could be potentially interesting for optical switching material applications.  

Finally, the monoclinic phase of VO2 [VO2(M)] has been widely studied for energy-

efficient windows applications due to its thermochromic properties 41,42. The later arise 

from a structural phase transition which is thermally induced 43. For pristine VO2(M), at 

the critical temperature (Tc) of 68 °C, a reversible semiconducting-to-metallic phase 

transition occurs 22. That is, from the semi-conducting monoclinic phase (VO2 (M)) to the 

semi-metallic rutile phase (VO2 (R)) 44. This transition involves changes in optical 

transmittance and reflectivity in the near-infrared (NIR) region as well as a large change 

in electrical conductivity 45. The monoclinic phase, which has a band-gap of 0.7 eV, 

allows the transmission of visible light and solar heat through VO2(M) thin films. 

Conversely, the rutile phase VO2 (R) has metallic properties with the valence and 

conduction bands overlapping, resulting in the reflection of the NIR radiations back 

towards the surroundings 46. This phase transition has the advantage of being reversible, 

and, in comparison with other thermochromic materials, occurs at a favourable 

temperature, which is close to room temperature (ca. 68 °C).  

The metal-to-insulator transition (MIT) results in the opening of an insulating gap in 

the conduction band at the Fermi level when the temperature is lower than TC (Fig.5) 47. 

Monoclinic VO2 become, therefore, an insulator with different optical and electrical 

properties. The MIT mechanism of VO2 has been widely studied due to its advantageous 

transition temperature of ca. 68°C. Despite the number of studies, there is still a debate 

on whether it is a Peierls or Mott transition. In the former case, the MIT is due to a 

distortion of the crystal lattice resulting in the split of the electronic conduction band at 

the Fermi level (structural mechanism) 48. The Mott transition, on the other hand, is linked 

to the interaction between electrons within the crystal lattice, and describes a sufficient 

energy (heat, pressure, etc…) for a localized electron to become an itinerant electron 
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(electronically driven) 49. The difficulties in understanding the mechanism lie in the 

change in material’s structure and properties during the transition. As a matter of fact, 

the Mott transition is often accompanied by a structural phase change, which makes it 

difficult to know whether the MIT is a Mott transition or a standard transition in a band 

picture due to the structural change such as observed in Peierls transition 50. A better 

understanding of the MIT mechanism would be useful to control the transition, and 

therefore improve VO2(M) thermochromic properties.  

Figure 5(a) shows the Energy-Band diagrams of VO2 in rutile and monoclinic phases. 

The vanadium ion in VO2 (V4+) has the electron configuration [Ar]3d1. In the metallic rutile 

VO2 phase (space group P42 /mnm), the vanadium atoms, which are octahedrally 

coordinated by oxygen - constituent an octahedron VO6 – form a body-centered 

tetragonal lattice 51. In the crystal-field model, the octahedral environment generates the 

breaking of degeneracies of 3d orbitals into low-energy t2g states and high-energy eg 

states (𝜎* in Fig.5). The small distortion of the VO6 octahedron - causing orthorhombic 

symmetries - induces further lifting of degeneracy – resulting in the split of t2g states in 

a1g (dII in Fig.5) and 𝑒𝑔
𝜋 (π* in Fig.5) states. The transition to the insulating monoclinic 

VO2 phase M1, at TMIT, is accompanied (or driven) by the dimerization of vanadium atoms 

to form V-V pairs along the C axis, and the tilting of the later. This results in an increase 

of the unit cell as well as a change in the space group from P42/mnm to P21/c (Fig.5) 52. 

Goodenough was the pioneer in investigating the phase transition change occurring in 

VO2 materials and their effects on the material’s properties 53. He suggested that the 

formation of V-V pairs in the M1 phase induces the change of an itinerant electron into a 

localized electron to form the covalent bond between two V atoms. The latter as well as 

the tilting of V-V pairs led to the splitting of the dII orbitals, which represent the V-V bonds, 

into a bonding and anti-bonding states. Furthermore, an increase of the π* orbitals 

energy occurs due to a higher p-d overlap 54. As a result, the semiconducting phase 

showed full filling of the bonding dII orbitals.  In the metallic phase, a part of the π* orbital 

is at the Fermi level due to the smaller p-d overlap. Furthermore, the crystal structure 
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above the transition temperature (TC) of VO2 causes a part of dII orbitals to be also at the 

Fermi level – resulting in the dII and π* orbitals (conduction band) being partially filled 55.  

 The identification of other insulating VO2 phases first arose in doped VO2 materials 

56. In addition to the M1 phase, the monoclinic M2 phase and the triclinic T phase were 

determined experimentally 57. Thus, whereas the M1 phases consisted of titled V-V pairs, 

the M2 phase displays two separate sublattices, whereby the V atoms form V-V pairs 

which are not titled in sublattice A (along the C axis), and sublattice B consists of titled V 

atoms but are not paired – forming a zigzag chain of V atoms 58. The T phase, on the 

other hand, refers to an intermediate phase between M1 and M2 phases where there is 

a gradual distinction of two sublattices with the depairing of some V-V pairs, and the 

untilting of the others 34 (Fig.5). These intermediate insulating phases can be stabilized 

by doping and adding strain in VO2 materials 56. They are potentially interesting to 

understand what trigger the MIT in VO2 materials. The dimerization of the V atoms in the 

VO2 M1 phase could in itself trigger the MIT by opening an insulating gap at the Fermi 

level – the Peierls transition. That is why, one of the first explanation on the MIT occurring 

in VO2 materials was related to a simple structural change (the Peierls pairing), which 

can be seen in the standard band picture. The M2 VO2 phase, however, where half of 

the Peierls pairings was unbundled, is already an insulator. The latter provides clear 

evidence that electron correlations play an important role in the MIT (Mott transition), and 

that the MIT cannot be driven only by the Peierls dimerization 34. More experiments on 

the M2 and T insulating VO2 phases could be useful to understand the origin of the MIT, 

and therefore to tailor VO2 materials 54. 
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Figure 5: a) Crystal structure of VO2(R) and VO2(M) and their energy-band diagram, respectively. 
b) crystal structure of intermediate insulating VO2 phases. Adapted from references 54 and 34.  
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For VO2 to be used as an energy-efficient glazing, some improvement needs to be 

made. Parkin et al. 59 have shown, through “Energy modelling studies of thermochromic 

glazing”, a decrease in the VO2 TC, with an improvement in solar modulation ability would 

significantly increase the energy performance of VO2 thin films. Similarly, the gold-brown 

colour characteristic of VO2 films, which is due to the absorption of visible wavelengths, 

has a negative impact on the transmission of the visible light – resulting low visible light 

transmission (TLUM). Ideally, the thermochromic thin film should be transparent to visible 

wavelengths. For avoiding any additional needs of artificial lighting, it was suggested for 

such coatings to have a visible light transmittance above 60% 60. Up to now, however, to 

be in line with commercial windows, a minimum visible light transmittance of 45% can 

be aimed at 61. Furthermore, the films deposited on a glass unit can be in direct contact 

with the atmosphere and might be damaged by the latter -  due to atmospheric corrosion. 

In addition, VO2 thin films usually have poor adhesion to the glass substrate and, 

therefore, can be easily removed by abrasion. This can be an issue regarding the 

cleaning of the windows by both professional or private individuals. Therefore, the 

durability of the film should also be considered for the windows to be used in the building 

sector.  

In order to obtain insights of the potential energy savings of such thermochromic 

coatings, several studies have been carried out. An energy simulation study modelled 

an ideal thermochromic VO2 coating, which has the following characteristics: A transition 

temperature of 20°C and a 65% change in transmittance in the near-infrared region (800-

2500 nm) with no change observed in the visible region (300-700 nm) 59. Furthermore, 

in a cold state, the ideal coating has a maximum transmittance of 65% in the visible 

region, and 80% in the NIR. The simulations showed that applying the ideal film in warm 

climates, would result in an improvement of 50% of the energy consumption compared 

to a plain float glass. Ye et al. 62, on the other hand conducted a real scale experiment, 

to study the performance of a window unit consisting of a VO2 film applied on a glass 

unit. They use a film with basic parameters, that is a TLUM around 43% and a solar 
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modulation (∆TSOL) of approximatively 5%. The transition temperature, however, has 

been decreased to 41°C. They achieved 9% of energy saving with the VO2 film glass 

compared to an ordinary window. Optimizing these parameters, therefore, offers a 

promising solution to further improve the energy-efficiency of a thermochromic VO2 film. 

 

1.5. Synthesis methods for producing monoclinic VO2  

VO2 thin films can be synthesised through different techniques such as magnetron 

sputtering 63,64, pulsed laser deposition (PLD) 65, sol-gel synthesis 66 or atmospheric 

pressure chemical vapour deposition (APCVD) 67. Among all the deposition techniques, 

chemical vapour deposition (CVD) is commonly used for the synthesis of monoclinic 

vanadium oxide.  

1.5.1. Chemical Vapour Deposition (CVD) 

CVD is a deposition process which is used for the formation of films onto a heated 

substrate from gaseous reactants. In CVD process, gaseous reactants are introduced to 

the reactor and chemically react onto a heated substrate to form a film. The process 

involves few key steps which are described below: 

1- Introduction of the precursors at a vapour state in the reactor; 

2- Mass transport of the reactants from the main flow region to the substrate surface 

through the boundary layer; 

3- Adsorption of the reactants onto the heated substrate surface,  

4- Diffusion of the reactants on the surface to nucleation sites, where a chemical 

reaction results in the formation of the film;  

5- Desorption of by-products from the substrate surface that are eliminated through 

the exhaust. 

The flow of vapour-state precursors through the CVD pipes and reactor can be defined 

by the Reynolds number (Re) as follow: 

𝑅𝑒 =
𝜌𝜈𝐿

𝜇
     (1.51) 
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Where, 𝜌 is the fluid density, 𝜈 is the mean fluid velocity, 𝐿 is the pipe diameter and 𝜇 is 

the fluid viscosity. The Reynolds number indicates in which flow regime the fluid is, 

whether it is a laminar or turbulent flow. Laminar flow is observed for Re values <2000, 

while turbulent flow is achieved for Re values >4000. For Re values comprised between 

2000 and 4000, the fluid has a mixed laminar/turbulent flow – this is the ‘transitional’ flow 

regime68. The equation showed laminar flow, i.e. low Re values, is achieved by low 

density fluids, low velocity, high viscosity fluids and small pipe diameter. Most of the CVD 

uses carrier gases which have low densities and at a relatively low flow rates – ensuring 

laminar flow. Typical values for an APCVD reactor ranged from Re = 0.02 to Re = 100 

69. In addition, the CVD used in this work have a baffle installed at the entrance of the 

reactor in order to force the flow to be laminar. In the laminar flow regime, the flow of the 

fluid is parallel to the flow direction (Fig. 6). In this regime, the gas velocity near the 

reactor wall is reduced due to frictional force – resulting in the formation of a boundary 

layer. The thickness of the latter increases as gas velocity decreases, and with the 

distance from the tube inlet.  

 

Figure 6: Velocity profiles of fluid in laminar flow along CVD horizontal wall reactor. Adapted 
from reference70. 

 

In this work, cold wall CVD reactors were used to synthesise thin films. In this 

configuration, only the substrate is heated at a given temperature – inducing a 

temperature gradient within the reactor. The temperature gradient will have an impact 

on the particles (and also molecules) suspended in the fluid by applying a force called 

thermophoresis. In general, this force will push away the particles from the hot surface, 
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and direct them towards colder surface (thermophobic force). In some cases, however, 

thermophoresis forces can attract the particles towards the hot surface (thermophilic 

force). Thermophilic forces tend to be triggered by a very high particle concentrations; 

While, thermophobic forces seems to occur at low particle concentration such as most 

gas phase concentrations in a CVD reactor. The gas phase molecules, however, are not 

as much impacted as particles by the thermophoresis forces. The transport of molecular 

precursors to the surface substrate is mainly driven by diffusion.  

 
In this thesis, two types of CVD process were used: the atmospheric-pressure 

CVD and the aerosol-assisted CVD. Both process here can be described as thermal 

CVD with horizontal cold-wall configuration, in which the chemical reaction is thermally 

activated. The growth rate is, therefore, closely correlated to the temperature of the 

reactor, and can be plotted as function of temperature for identifying the limiting step of 

the reaction (Fig. 7). The first region, called A in Fig. 7, corresponds to the surface-

reaction limited region. It is when the growth rate is limited by the kinetic of the chemical 

reaction, and increases as the temperature rises. The plot of this region is described by 

the Arrhenius equation, which is as follow: 

𝑟 = 𝑒
𝐸𝐴
𝑅𝑇     (1.52) 

Where, r is the growth rate, EA is the energy of activation, R is the gas constant and T is 

the temperature. The surface-reaction limited of the growth rate dominates at low 

temperature, however, at high temperature the kinetic of the surface reaction is so fast 

that the growth rate ceases being dependent upon temperature, and is limited by the 

transportation of the gaseous reactants. This region, called B in Fig. 7, corresponds to 

the mass transport limited region. At this stage, the reaction Is controlled by the 

transportation of the gas phase precursors to the substrate surface, and especially the 

diffusion of the reactants through a concentration boundary layer. The latter corresponds 

to the precursor concentration gradient between the bulk fluid and the substrate surface. 

The rate of diffusion across this boundary layer is given by Fick’s Law as below: 
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𝐽 = −𝐷
𝑑𝐶

𝑑𝑥
     (1.53) 

Where, 𝐽 is the precursor diffusion flux, 𝐷 is the diffusion coefficient, 𝐶 is the 

concentration of the precursor and 𝑥 is the perpendicular direction to the substrate 

surface. dC/dx represents the concentration gradient, from the high concentration of 

precursor in the bulk gas phase C = [A] to low concentration of precursor at the substrate 

surface C = 0, where the precursor is adsorbed and chemically react at the substrate.   

Finally, a further increase of the temperature lead to a decrease of the growth rate – this 

is the region C in Fig 7. This is mainly due to the depletion of reactants caused by side 

reactions on the reactor walls but also by the predominance of homogeneous reactions, 

which lead to particles rather than films formation. In addition, very high temperature 

increases the chance of desorption of the film – resulting in a decrease of the growth 

rate due to delamination. 

 

Figure 7: Variation of the film growth rate as function of temperature. 

 
1.5.2. Atmospheric Pressure Chemical Vapour Deposition (APCVD) 

APCVD is a thin film deposition process performed at atmospheric pressure 

involving a chemical reaction between two or more volatile precursors, or the 

decomposition of one of the chemical compounds to produce a thin film onto the surface 

of a substrate. This deposition technique is currently used to deposit functional thin films 
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onto glass in the glass industry, such as the TiO2 coating that forms the functional coating 

in Pilkington Activ® glass, due to its convenience – deposition at atmospheric pressure 

– and its high-volume production 67.  APCVD is a fast deposition method - with growth 

rates up to 1000 nm s-1 - and has the advantage to provide a control over the physical 

(such as morphology and thickness) and chemical (such as stoichiometry) properties 29. 

It is also well-known for the creation of tough and durable coatings 45.  

On the other hand, the main drawback of APCVD is the use of low melting point 

solids or highly volatile liquid precursors. This limits the number of precursors available 

for use in APCVD processes.   

 

1.5.2.1. APCVD Process and Deposition mechanism 

The APCVD process involves a few key steps which are shown in Figure 8 71. 

The precursors evaporate and are transported in the pipes towards the reactor via a 

carrier gas. The gaseous reactants reach the reactor after having been homogenously 

mixed beforehand in the mixing chamber. At the contact point with the hot substrate 

surface, a gas phase reaction occurs, followed by an adsorption of the intermediate 

species onto the substrate surface. Thereafter, the nucleation starts following by the 

formation of a thin film and the desorption of by-products/waste gases.  

 

Figure 8: Common APCVD Reaction on a substrate surface 
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Several precursors have been used in the past to synthesise VO2 thin films by 

APCVD. A common precursor is vanadium oxytrichloride [VOCl3], which is combined 

with water to produce VO2 film. A high reactor temperature (600 °C), however, was 

required to grow VO2 onto the substrate surface. At temperatures below 600 °C, or with 

an excess of [VOCl3], V2O5 was easily produced 72. A number of studies have also been 

reported on the use of vanadyl acetylacetonate [VO(acac)2] as a precursor. However, 

[VO(acac)2] is a solid compound with a low vapour pressure - which makes it difficult to 

use in APCVD. Vanadium (IV) tetrachloride [VCl4], on the other hand, has been 

commonly used to synthesise VO2 films by APCVD, along with water as the oxygen 

source 45. However, the specificity of VCl4 is that it is very reactive in the presence of 

water – resulting in non-homogenous thin films with high porosity. Blackman et al.73, 

nevertheless, produced VO2(M) films by APCVD with a good adhesion to glass 

substrates – passed the Scotch tape test - by using VCl4 as a vanadium precursor, and 

water as oxygen source, with a VCl4 : Water ratio of 1:3. Recently, the water was replaced 

by ethyl acetate to form VO2 thin films 74. Up to now, ethyl acetate was mainly used with 

titanium tetrachloride [TiCl4] - which is a metal halide as [VCl4] - in APCVD for the 

synthesis of TiO2 films 75. Ethyl acetate appears to be an interesting precursor, since it 

has a higher vapour pressure than water – making it more convenient for APCVD. Due 

to its higher vapour pressure, there is a better control over the mass flow of the precursor 

– resulting in a greater control over porosity of the films.  

 

Ethyl acetate has been chosen with VCl4 as precursors for this thesis. The overall 

reaction of VCl4 with ethyl acetate is shown below: 

 

   VCl4 + CH3COOCH2CH3 → VO2(M) + by-products (1) 

 

The reaction mechanism is still unknown. Nevertheless, a proposed mechanism route 

has been described below 76. The latter is based on the reaction mechanism of TiCl4 and 

ethyl acetate to produce TiO2 by APCVD 75. It consists of three steps. First, the 
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decomposition of the ethyl acetate into ethanol and ethenone (2), followed by the 

dehydration of ethanol into water and ethane (3). The final step involves the reaction 

between the water produced beforehand with the vapour-phase precursor VCl4 to form 

VO2 thin film and hydrochloric acid (4). 

   CH3COOCH2CH3 → CH3CH2OH + C2H2O   (2) 

   CH3CH2OH → H2O + C2H4     (3) 

2 H2O + VCl4 → VO2 + 4 HCl    (4) 

The stoichiometry of the as-deposited film as well as the growth rate of the deposition 

can be controlled by tailoring the amount of gaseous species transported to the APCVD 

reactor. To determine this molar flow rate, the first assumption that gaseous precursors 

follow the ideal gas law is made – giving the following equation: 

𝑁𝑝

𝑁𝑐
=

𝑃𝑝

𝑃𝑐
     (1.54) 

Where 𝑁𝑝 and 𝑁𝑐  are the amount (moles) of the precursor and the carrier gas, 

respectively; and  𝑃𝑝 and 𝑃𝑐  are the partial pressures of the precursor and the carrier gas, 

respectively. In a APCVD process, the gaseous precursor available in the bubbler is 

transported, by means of a carrier gas, to the reactor. It is generally acknowledged that 

the total partial pressure at the bubbler outlet corresponds to the sum of the partial 

pressure of the precursor, 𝑃𝑝 and the partial pressure of the carrier gas, 𝑃𝑐 , as follow: 

𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑃𝑝 + 𝑃𝑐     (1.55) 

⇔  𝑃𝑐 = 𝑃𝑡𝑜𝑡𝑎𝑙 − 𝑃𝑝     (1.56) 

and therefore, the Equation 1.54 can be re-written as follow: 

𝑁𝑝 =
𝑁𝑐×𝑃𝑝

𝑃𝑡𝑜𝑡𝑎𝑙−𝑃𝑝
     (1.57) 

The total partial pressure, 𝑃𝑡𝑜𝑡𝑎𝑙 , is equal to 760 Torr as the deposition process is at 

atmospheric pressure. Furthermore, the amount of precursor transported to the material, 

𝑁𝑐 , can be replaced in the equation by the flow rate of the carrier gas (L min-1) used for 
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the transportation, 𝐹𝑐, which is independent of the temperature and the pressure – 

resulting in the equation to calculate the molar flow rate of the precursor (mol min-1), 𝑎. 

To do this, 𝑁𝑐  is divided by 22.4 which corresponds to the number of litres that one mole 

of gas is equivalent to. The amount of precursor transported to the reactor can be 

therefore calculated via the below equation77: 

𝑎 =
𝐹𝑐×𝑃𝑝

22.4×(760−𝑃𝑝)
    (1.58) 

1.5.3. Aerosol-Assisted Chemical Vapour Deposition (AACVD) 

AACVD is a variant of the CVD method which involves the generation of an 

aerosol from a precursor solution to produce thin films. One of the key advantages of 

AACVD over APCVD lies in the use of a wider range of precursors, especially those not 

suitable for APCVD due to low volatility, as discussed previously 78. Liquid and solid 

precursors can both be used in AACVD – high vapour pressure is not required for liquids. 

Regarding the solids, the only condition is that they have to be soluble into an appropriate 

solvent. This variation brings a great advantage for doping-materials. In addition, AACVD 

does no longer require heating of the precursor – resulting in a reduction of production 

costs. This technique may also present drawbacks including a relatively slow growth rate 

(~ 10 nm min-1 for lab-scale AACVD), the need of high volumes of organic solvents, and 

a challenging transportation of the mist to the reactor over long distances 79.  

 

1.5.3.1. AACVD Process and Deposition Mechanism 

AACVD is a deposition process in which an aerosol is generated – the ‘precursor 

mist’ – and carried to the reactor by a carrier gas where it chemically reacts onto the 

substrate. The precursor mist is produced through the atomization of a precursor 

solution, which corresponds to a solid precursor dissolved in an appropriate solvent or a 

liquid precursor. An ultrasonic humidifier, also called nebulizer, is used to produce the 

aerosol. The material contained in the nebulizer has a piezoelectric effect. This effect, 

discovered in 1880, has the ability to produce electric charge when a mechanical stress 
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is induced, and vice-versa. A high-frequency oscillator produces ultrasonic waves which 

induces a mechanical vibration of the piezoelectric material. The latter, in contact with 

the precursor solution, will transform it into fine droplets known as an aerosol. The 

aerosol droplets diameter can be calculated by Lang’s equation as shown below 80:  

 

                                              𝑑 = 0.34 (
8𝜋𝛾

𝜌𝑓2)
1

3⁄
 

 

where: 

(d) is the diameter of the aerosol droplets,  

() the surface tension of the precursor solution,  

() its density  

(f) the ultrasound frequency.  

 

According to this equation, the frequency influences the size of the droplets 

resulting in a smaller diameter as the frequency increases.  

The precursor mist is transported to the reactor by a carrier gas. When it reaches 

the hot substrate surface, there is an evaporation of the solvent followed by the 

vaporization of the precursor into a gaseous phase which is then adsorbed onto the 

substrate surface. Consequently, a heterogeneous reaction occurs between the hot 

substrate and the adsorbed species forming a thin film, which usually showed a good 

adhesion to the substrate (Fig. 9) 78. In some cases, when the reactor temperature is 

high for instance, another type of reaction can take place: the homogenous reaction 81. 

The homogeneous reaction occurs when the precursor solution reacts before it is 

adsorbed by the surface, leading to the growth of fine particles. This can cause a 

phenomenon known as thermophoresis, where deposition occurs primarily on the top-

plate. Depending on the experimental conditions, the particles formed can be adsorbed 

on the substrate and act as nuclei to grow porous thin films, or particles with the size 

from a nanometre to micrometre can be deposited onto the substrate surface. 
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Homogeneous reactions usually occur when the temperature is too high – that is above 

the decomposition temperature of intermediate species. The nature of the solvent has 

also an impact on whether the homogeneous or heterogeneous reaction will occur. Tahir 

et al. 82 investigated the influence of two solvents (methanol and ethanol) on the texture 

of ZnFe2O4 electrode synthesised by AACVD. According to the equation (1), they 

showed that ethanol, which has a smaller density and surface tension than methanol, 

has smaller droplets size. In addition, they examined the enthalpy of combustion of the 

two solvents, and found that ethanol had a heat of combustion (-1277 kJ.mol-1) two times 

higher than methanol (-676 kJ.mol-1). They showed that these two parameters play a 

significant role on the type of reaction occurring and thereby the film morphology. The 

heterogeneous reaction occurred when a higher amount of methanol was used in the 

methanol/ethanol mixture as solvent, and transformed into homogeneous reaction as the 

ethanol concentration increased.  

 

Figure 9: Common AACVD reaction on substrate surface 

As for APCVD, a number of studies reported the use of vanadyl (IV) 

acetylacetonate [VO(acac)2] as a single-precursor for the synthesis of VO2 thin films by 

AACVD 83,84,85. Another common single-source precursor used for AACVD was the 

vanadium (III) acetylacetonate [V(acac)3] 83. Piccirillo et al. 83 investigated the effect that 

both precursors, [VO(acac)2] and [V(acac)3], had on the synthesis of VO2 films by AACVD 
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as well as the impact of solvents in which they were dissolved. They found that VO2(M) 

was synthesised only when [VO(acac)2] was the vanadium precursor and ethanol the 

solvent. [V(acac)3] produced V2O3 in the presence of methanol/water while with ethanol 

it led to a mixture of different VO2 phases. V2O3 was also synthesised with [VO(acac)2] 

in the presence of methanol and water as solvents. Furthermore, the flow rate of the 

carrier gas has showed to have an impact on the resultant VO2 phase. As a result, the 

precursor solution used to synthesise VO2(M) with an initial flow rate of 1 L min-1, led to 

the synthesis of V2O5 at higher flow rate (3 L min-1). It was suggested that at higher flow 

rate the concentration of precursor solution in the reactor increased, and thereby the 

evaporation of the solvent led to a higher oxygen partial pressure as there is a greater 

amount of solvent molecules present. Other solvents such as acetonitrile, acetone, and 

ethyl acetate were used throughout the study. These solvents, however, resulted in the 

deposition of powdery black films with high carbon contamination and no clear XRD 

pattern.   

Due to the ease of use of AACVD and the convenience to use a wider range of 

precursor, there have been numerous studies investigating doped VO2 materials. 

Tungsten(V) ethoxide has been used to synthesise W-doped VO2 by AACVD – resulting 

in an easier control on the proportion of tungsten doped into the structure. Interestingly, 

this was accompanied by a higher decrease of Tc than W-doped VO2 by APCVD 84. 

Niobium(V) ethoxide has also been used as precursor for Nb-doped VO2 via AACVD 85. 

The Tc was reduced to 37 °C with 3.7% of niobium into the VO2 thin film. As with the W-

VO2 example above, the Nb-doped VO2 thin films did not show such low Tc when 

synthesise by APCVD. That was most likely due to the thin film process not being able 

to incorporate high concentration of niobium into the films, with the maximum percentage 

doping for APCVD process being of 0.44% and resulting in Tc of c.a. 55 °C 30. 
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1.5.4. Continuous Hydrothermal Flow Synthesis (CHFS) 

On another level, continuous hydrothermal flow synthesis (CHFS) does not belong 

to CVD methods. In this process, nanoparticles are generated from a stream of precursor 

solution mixed with a stream of supercritical water.  

A common route to synthesise nanoparticles is the use of hydrothermal or 

solvothermal syntheses. In the former case, the precursor is mixed with a solvent and 

poured into a sealed vessel, which is heated during a certain time to form nanoparticles 

86. Hydrothermal synthesis consists of a similar process, however, only water is used as 

a solvent 87. Both synthesis techniques, however, present some disadvantages. They 

usually require a long reaction time, that is several hours up to several days 88,89,90. In 

addition, further steps such as annealing are often needed to obtain the final product 91. 

The batch process used in these methods is another disadvantage as it is hardly 

reproducible, and is difficult to scale up to an industrial level. Furthermore, solvothermal 

synthesis require solvent which can be expensive and are not environmental-friendly.  

CHFS has been implemented as an alternative route to the common 

hydrothermal/solvothermal synthesis. The most interesting feature of CHFS is the use of 

supercritical water as a solvent. Due to the low dielectric constant of supercritical water 

(𝜀 ~ 5)  – comparable to some organic solvent such as ethyl actate (𝜀 ~ 6) – as well as 

its ability to rapidly hydrolyse a metal salt, supercritical water allows fast production of 

small nanoparticles 92.  

 

1.5.4.1. Continuous hydrothermal flow synthesis (CHFS) Process  

In CHFS, a stream of ambient temperature metal salt (the precursor) is combined 

to a stream of supercritical water at a mixing point temperature to form almost 

immediately nanoparticles. The formation of the metal oxides nanoparticles, in CHFS, is 

usually as a result of consecutive reactions such as hydrolysis and subsequent 

dehydration (or degradation) of the metal salt 93,94. CHFS has the advantage to be a 

continuous process, which results in the production of a high amount of nanoparticles – 

typically kg of material per hour – allowing a potential scale up of the process to an 
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industrial level 95.  Figure 10 showed a schematic diagram of the CHFS apparatus used 

in this work.  

 

 

Figure 10: Schematic diagram of continuous hydrothermal flow synthesis apparatus. Adapted 
from reference 68. 

 

1.6. Approaches for improving VO2(M) thin f ilms 

thermochromic properties 

In order to tackle the issues specific to VO2 thin films used for intelligent window 

applications – previously listed: low TLUM, unsightly yellow-brownish colour, low ∆TSOL, 

high TC - different approaches have been studied to improve their properties. A number 

of studies showed that doping and multi-layer depositions were promising approaches 

for improving both the optical properties and the transition temperature of VO2 96,97,98. 

More recently, the dispersion of VO2 nanoparticles in a host have attracted a great 

interest. In specific conditions, the resulting dispersion could lead to an increase of the 

visible light transmittance while maintaining high solar modulation 99.  
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1.6.1. Doping 

Doping of VO2 thin films is a promising approach that has been widely studied, 

especially for reducing the transition temperature TC. A decrease in TC has been 

observed when 2nd and 3rd row transition metals with high valence cations are used for 

doping, such as W6+ or Nb5+ 100, while doping with 1st row transition metals with low 

valence cations, such as Ti2+ or Cr3+, results in an increase of Tc. The doping effect on 

thermochromic properties is still not very well understood. In addition, the method used 

for synthesising doped VO2 thin films, and the choice of substrate also have an impact 

on the thermochromic properties. However, doped VO2 materials have been repeatedly 

shown to be a route towards lowering the Tc and improving the optical properties. 

Tungsten has been widely used for doping VO2 thin films and shows an 

impressive reduction of the Tc. Hu et al.101 observed a decrease of Tc to 28 °C as well as 

a narrowed width of the hysteresis loop when ammonium tungstate hydrate powder was 

added to a VOCl2 solution before spin coating. The hysteresis loop corresponds to the 

percentage of solar transmittance at a given wavelength as function of temperature. The 

rapidity of the transition is interesting as a fast transition indicates a good efficiency of 

the thermochromic properties of the VO2 film. A fast transition is represented by a 

narrowed width hysteresis loop 102. Therefore, the hysteresis loop width should be as 

narrow as possible. A narrowed hysteresis loop, as well as a reduction of the MST, in 

VO2 films could also be achieved by co-doping with W and Ti. Takahashi et al.103  

observed a reduction in the hysteresis loop by co-doping VO2 films with W and Ti, and 

suggested that it was due to mechanical stress factors. 

The effect of Nb on the thermochromic properties of VO2 thin films were studied 

by Piccirillo et al. 85. They synthesised Nb-doped VO2 thin films via AACVD. A reduction 

of Tc was also observed with Nb-doping, but appeared less effective than W-doping – a 

decrease of Tc by about 22 °C for 1% of dopant. Beyond the TC reduction, W dopant also 

showed to have an effect on the grain size - resulting in smaller particles as the W 

concentration increased. Furthermore, W-doped VO2 was showed to have a higher light 

transmittance than undoped VO2 thin film, but also a lower solar modulation. However, 
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W-doping appeared to have no positive effect on the yellowish-brown colour of VO2 thin 

film 100. Manning et al. 29 reported the synthesis of W-doped VO2 via APCVD using [VCl4], 

H2O and [W(OC2H5)6] as precursors. A decrease in the Tc was observed, with each at.% 

of W incorporated leading to a reduction of the Tc by approx. 25 °C.  

The mechanism of the TC reduction in W-doped VO2 is still not fully understood. 

The first mechanism approach highlighted a local tetragonal-like structure around the W 

atoms which had an impact on the monoclinic VO2 lattice by forming a rutile-like VO2 

nuclei, resulting in a lower thermal energy barrier for the phase transition 104. On a 

different note, the effect on titanium (Ti4+) on the phase transition behaviour of VO2 was 

recently investigated by Wu et al. 105. They observed a slight decrease of Tc and then an 

increase as the Ti concentration increased. They showed via X-ray Absorption Fine 

Structure (XAFS) that the local structure of the Ti ion had an effect on the VO2 lattice. Ti-

doping caused a distortion of the VO6 octahedra, which impacts the phase transition 

behaviour. They also highlighted that the charge doping has a greater effect on Tc than 

the lattice distortion by comparing W6+ and Ti4+. 

Kiri et al. 106 synthesised F-doped VO2 thin film via AACVD. They found that the 

dopant had an effect on the colour of the films, resulting in a lighter colour, which 

improved the visible light transmittance, whilst maintaining the thermochromic properties 

107. 

Doping has shown to improve the visible light transmittance of VO2 films as well 

as reducing the unsightly yellowish-brown colour, and efficiently decreasing Tc towards 

room temperature. There are, however, limitations to the altering of properties for doped-

VO2 single layer materials. The main disadvantage of doping thin films is the possible 

distortion of the crystal lattice of the host material – resulting in a decrease of the solar 

modulation, and therefore a reduction of the performance of VO2 materials 76. This has 

led to the development of multi-layered systems to further improve the properties of VO2 

thermochromic materials.  
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1.6.2.  Multi-layered films 

The performance of a single layer VO2 can be improved by adding other functional 

layers. These additional layers can enhance the thermochromic properties of VO2 and/or 

add new functions to the thin film 74. 

Miyazaki et al.108 showed that using TiO2 as a buffer layer allows growth of 

polycrystalline VO2 thin films at low temperatures – below 327 °C. The term buffer layer 

refers to a thin layer in ‘sandwich’ between two other layers. They showed an 

improvement of the crystallinity of VO2. Conversely, the same VO2 layer grown on SiO2/Si 

substrate at the same temperature of 327 °C was amorphous with no resistivity change 

around 70 °C. Similarly, Fan et al. 109 have obtained a Tc near room temperature by 

growing a thin layer of VO2 on top of a TiO2 substrate.  However, some other studies 

have showed that the growth of VO2 thin films on TiO2 buffer layer at a higher 

temperature – ca. 500 °C – had a negative impact on the Tc (resulting in an increase) 

due to the diffusion of Ti ions into the VO2 lattice 110. Mian et al.111 showed the introduction 

of a TiN buffer layer between VO2 and Ti layers, which prevented the Ti4+ ions from 

diffusing into the VO2 lattice.  

Cheng et al.112 grew double-layered films VO2/TiO2 via polymer-assisted 

deposition. The double-layered films showed an improvement of the light transmittance 

by 21.2% - from 40.3% for a single layer VO2 to 61.5% for the double-layered films. 

Recently, a multi-layered films VO2/SiO2/TiO2 have been grown via APCVD on glass 

substrate 74. The SiO2 layer prevented the diffusion of Ti ions into VO2. The multi-layered 

films showed an increase of 30% in the light transmittance, as well as a doubling of the 

solar modulation when compared to an analogous single layered VO2 film.  

Finally, multi-layer depositions have the advantage of enhancing the chemical 

and physical durability of the VO2 by protecting the film against the oxidation, humidity 

or scratching 113,114.  

1.6.3. Nanoparticles 

The synthesis of VO2 nanoparticles has recently been showed to be of great 

interest for intelligent window applications. Li et al.99 showed that, in specific conditions, 
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films made from VO2 nanoparticles had a lower visible light absorbance than continuous 

thin films, which led to an increase of the visible light transmittance (TLUM) while 

maintaining a good solar modulation (∆TSOL). To achieve this, however, a control over 

the nanoparticle sizes and their dispersion in a host is essential.  

Zhou et al.115 have demonstrated that for VO2 nanoparticles that have particle 

sizes below 50 nm, and are dispersed in a host at a correct distance from each other, 

the visible light wavelengths were poorly interacting with them and the light scattering 

was very weak. The NIR wavelengths, however, being bigger than the visible light 

wavelengths, could still interact with the nanoparticles as it was a continuous VO2 film. 

The distance between the nanoparticles should be over 700 nm from preventing the 

interaction between the nanoparticles and the visible light.  

Madida et al.116 showed that embedding VO2 nanoparticles in polyvinyl-phenol 

(PVP) polymer host increased the visible light transmittance to 65%. Similarly, 40 nm 

VO2 nanoparticles coated by a ZnO core-shell structure and 40 nm VO2 nanoparticles 

coated by a SiO2 core-shell structure, showed both to have TLUM above 50% when they 

were embedded in polyvinyl butyral (PVB) polymer host 117,118. 

Finally, the crystallite size has an impact on the hysteresis width in VO2 films. 

Appavoo et al.119 used plasmon resonance spectroscopy for studying the impact of the 

crystallite size on the VO2 hysteresis width. He found that an increase in crystallite size 

resulted in a reduction of the hysteresis width. This was attributed to the number of 

defects in the structure, which act as nucleation sites for the atomic rearrangement that 

occurs during the phase transition. As a matter of fact, the probability of phase transition 

in VO2 is associated to the number of nucleating sites such as surface defects, 

dislocations and grand boundaries. Reducing the hysteresis width allow to improve the 

overall energy saving performance by making the film more responsive to temperature 

change. Schläfer et al.120 showed that incorporating SiO2 nanoparticles in a VO2 sol 

resulted in a film with a lower hysteresis width (~9.4°C) and slightly lower MST (~61°C) 

compared to a pristine VO2 film, while maintaining a good solar modulation (~12%).  
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VO2 nanoparticles embedded in a host is a promising approach for energy-

efficient glazing and showed films with a higher visible light transmittance and a reduced 

anaesthetic colour without altering the solar modulation. 

 

1.7. Thesis Outline  

This thesis highlights the synthesis of temperature-responsive VO2 materials using 

different methods for energy-efficient glazing applications. Among the techniques, 

presented in this thesis, used to produce monoclinic VO2 materials [VO2(M)], some are 

well-known and currently used in the industry such as chemical vapour deposition (CVD) 

processes, described in chapter 2 and 3. While, other, which have been recently 

implemented and have shown promising results, are still used at a laboratory scale, as 

detailed in chapter 4. 

Chapter 2 focuses on the synthesis of VO2(M) thin films using atmospheric pressure 

chemical vapour deposition (APCVD), and its optimisation to improve the thermochromic 

properties of such films. Furthermore, the synthesis of VO2-based multilayers will be 

presented, and the enhancement of their thermochromic properties will be discussed 

and compared to a single VO2(M) layer. 

Chapter 3 presents the synthesis of VO2(M) films by aerosol-assisted chemical 

vapour deposition (AACVD) using a vanadium alkoxide precursor newly produced by the 

chemical engineering department of University College London (UCL). The production 

of V2O3 thin film with bixbyite structure - produced by AACVD for the first time - will also 

be discussed, and in particular its gas sensing properties.  

Chapter 4 will introduce the direct and continuous hydrothermal flow synthesis 

(CHFS) of VO2(M) nanoparticles. This is a recent method used to produce nanoparticles, 

which is particularly promising for large-scale production. The results of this chapter will 

be compared to those reported in literature.  

Finally, chapter 5 provides a summary of this thesis and the potential future work 

related to these results. 
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2. Chapter 2: Synthesis of VO2 thin films by Atmospheric 

Pressure Chemical Vapour Deposition (APCVD)  

2.1. Optimization of thermochromic VO2  thin films via 

atmospheric pressure vapour chemical deposit ion  

2.1.1. Introduction 

Atmospheric pressure chemical vapour deposition (APCVD) is a deposition 

process, commonly used in industry, to produce commercial thin films. As stated in the 

introduction, Pilkington NSG group, for instance, currently use APCVD to coat articles 

with functional thin films such as TiO2 and TCO thin films  121,122,123. It is a fast deposition 

process - with growth rates up to 1000 nm s-1 - and has the advantage to provide tough 

and durable coatings, with uniform coverage of the substrate, and with a control over the 

physical and chemical properties of the film 124. In addition, the use of commercial 

precursors - relatively cheap - in APCVD process as well as depositions obtained at 

atmospheric pressure -  makes it an inexpensive deposition technique 125.  

VO2(M) thin films has been deposited on glass substrates by APCVD using 

vanadium precursors in combination with an oxygen source. Two common vanadium 

precursors used for the synthesis of VO2(M) by APCVD, the vanadium oxytrichloride 

[VOCl3] and the vanadyl acetylacetonate [VO(acac)2], showed to have some 

disadvantages. The former requires high reactor temperature (> 600°C) for preventing 

the formation of V2O5 46. Whereas, [VO(acac)2], on the other hand, has a low vapour 

pressure - which makes it difficult to use in APCVD 126.  

Recently, based on the deposition of TiO2 thin films via APCVD, the use of 

vanadium(IV) tetrachloride [VCl4] along with ethyl acetate (EtAc), as oxygen source, 

were shown to be a promising approach for the synthesis of VO2(M) thin films 76. Ethyl 

acetate appears to be an interesting oxygen source as it has a high vapour pressure. 

However, it has been difficult to produce VO2(M) thin films - using VCl4 along with EtAc 

- having a high visible light transmittance without negatively impacting the solar 

modulation. 
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This Chapter presents the optimization of a APCVD process with the aim of 

improving the thermochromic properties of VO2(M) thin films - using VCl4 and ethyl 

acetate as vanadium precursor and oxygen source, respectively. 

 

2.1.2. Experimental 

2.1.2.1. Atmospheric Pressure Chemical Vapour Deposition (APCVD) 

Apparatus  

The APCVD used in this study has been designed as shown below (Fig. 11). In 

APCVD, the chemical compounds used for the deposition of films are called precursors. 

The precursors are contained in bubblers, which are stainless steel tubes surrounded by 

a band heater. The bubblers are heated to a specific temperature, which is determined 

in accordance with the precursor’s vapour pressure, for allowing the precursor to be in a 

gaseous state and ensuring a precise mass flow of precursors to the reactor. Each 

bubbler is equipped with a three-way valve. In the open position, nitrogen gas is forced 

to flow through the bubbler and to direct the gaseous precursor towards the exhaust or 

the mixing chamber. When the valve is closed, the bubbler - filled with nitrogen - 

becomes airtight until next use. The mixing chamber ensures the gases are mixed 

homogenously before they reach the reactor. The reactor consists of a carbon block, on 

which a substrate is laid, and is set at a given temperature. When the gaseous precursors 

reach the reactor, a chemical or a decomposition reaction occurs on the hot substrate 

surface (cf. section 1.5.1.1.). As a result, a thin layer is deposited onto the surface 

substrate. The reaction leads to the creation of by-products which are directed to the 

exhaust. All heaters are controlled by Eurotherm controllers and RS type k 

thermocouples. 
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Figure 11: Atmospheric pressure chemical vapour deposition (APCVD) apparatus. 

 

2.1.2.2. Synthesis of VO2(M) film by APCVD  

For the synthesis of VO2(M), the commercial precursor vanadium (IV) chloride 

(VCl4, 99%) was used with the oxygen source ethyl acetate (C4H8O2, 99,8%). All 

chemical compounds were commercial precursors purchased from Sigma-Aldrich. They 

were contained in two separate bubblers. The molar precursor ratio used for the 

depositions was 2 : 1 VCl4 : EtAc. A standard barrier layer float glass was used as the 

substrate for all depositions. The latter had the dimensions of 15 x 7 cm2 (supplied by 

Pilkington, UK) and was coated with a SiO2 barrier layer (50 nm thickness) in order to 

prevent the Na ions, from the glass, of diffusing into the film. The deposition was 

performed on the barrier coated side of the glass, which was identified using a UV lamp 

(λ = 254 nm). The substrate’s preparation consisted of a first wash with acetone, followed 

by isopropan-2-ol and distilled water. Once the substrate was clean, it was inserted into 

the CVD chamber onto the carbon block, where it was heated and maintained at 550°C. 

Once the temperature was reached, the valves of the bubblers were opened. The 

vapour-phase precursors were sent to the exhaust, prior to being sent to the reaction 

chamber. The gaseous reactants were sent to the reactor via three-way valves and were 

homogenously mixed beforehand in the mixing chamber. A timer was used to control the 

length of deposition. After the deposition was complete, the gaseous species were sent 
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to the exhaust via the three-way valves. All the heaters were turned off. The nitrogen 

was kept flowing in the APCVD pipes to remove all remaining precursors, and to cool 

down the substrate. Samples were removed from the reactor once the temperature was 

below 80 °C. Once the sample was removed from the reactor, it was handled and stored 

in air. 

 

2.1.2.3. Film Analysis 

Optical transmittance of all samples were monitored on a Perkin Elmer Lambda 

950 UV-Vis-NIR spectrophotometer that was equipped with a homemade heating unit.  

The thermochromic properties of the film were measured by recording the transmittance 

spectra from 2500 nm to 250 nm as a function of temperature (20-90°C). For all samples, 

the measured spectra were plotted and the solar transmittance (TSOL) and the integral 

luminous transmittance (TLUM) were calculated – based on the spectra – with the 

following equation: 

𝑇𝐿𝑈𝑀,𝑆𝑂𝐿
𝜎 =  

∫ 𝜙𝐿𝑈𝑀,𝑆𝑂𝐿𝑇𝜎(𝜆)𝑑𝜆

∫ 𝜙𝐿𝑈𝑀,𝑆𝑂𝐿(𝜆)𝑑𝜆
  (1) 

Where: 

λ is the wavelength of light,  

ϕLUM is the weighted visible light human eye,  

ϕSOL is the weighted solar irradiance spectrum, and  

Tσ the transmission of VO2 thin film either in the hot state or cold state.  

Then, the solar modulation (∆TSOL) can be deducted from the previous equation as the 

difference between the solar transmittance in the cold and hot state: 

 

∆𝑇𝑆𝑂𝐿 = 𝑇𝑆𝑂𝐿(25°𝐶) − 𝑇𝑆𝑂𝐿(90°𝐶)      (2) 

 

The modulation in the NIR (∆TIR) was also estimated from Eq. (2). Unlike ∆TSOL, ∆TIR 

only takes into account the near-infrared region (750 to 2500 nm) of the measured 

spectra, which is specific for the thermochromic functionality expected.  
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The surface morphologies of the films were determined by Scanning Electron 

Microscopy (SEM) using a JEOL JSM-6700F (3 KV). X-Ray diffraction was performed 

on Bruker D8 Discover Lynxeye diffractometer using primary monochromated Cu K1 

radiation ( = 1,5406 Å). X-ray photoelectron spectroscopy (XPS) was carried out on thin 

films using a Thermo Scientific K-alpha spectrometer with monochromated Al Kα 

radiation, a dual beam charge compensation system and constant pass energy of 50 eV 

(spot size 400 μm). Spectra were recorded from 0 to 1200 eV. The thin film thicknesses 

were determined by the 𝜑 SemiLab SE-2000 ellipsometry. The roughness 

measurements were performed on a Nanosurf easy scan AFM, using a 10-µm tip in non-

contact mode with an oscillating probe. Scan areas were 5 x 5 µm2 with 20-nm scan 

intervals. The adhesion of the thin films to the substrate was tested via the Scotch tape 

127.   

 
2.1.3. Results and Discussion 

This section highlights the experimental reaction between VCl4 and ethyl acetate 

(EtAc) via APCVD to synthesise VO2(M) thin films; and the improvement of the films 

thermochromic properties by optimising the APCVD experimental conditions.  

 

2.1.3.1. Thin Film Deposition – Initial experimental conditions 

The vanadium oxide film was obtained from the reaction between vanadium(IV) 

chloride (VCl4) and ethyl acetate (EtAc) using APCVD. The film was deposited onto a 

float glass substrate that was pre-coated by a 50 nm SiO2 barrier layer. The VCl4 : EtAc 

ratio was 2 : 1 and the substrate temperature was kept constant at 550 °C. The film was 

obtained from the initial experimental conditions described below (Table 1). The choice 

of the initial conditions was drawn upon the Dr. Michael J. Powell research work, who 

has established that proper stoichiometry was obtained with VCl4 : EtAc ratio of 2 : 1 and 

a reactor temperature of 550°C 76.  
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Table  1: Initial experimental conditions of a single VO2 layer. 

Thin 
Film 

VCl4 Bubbler EtAc Bubbler Substrate 
Plain 
Lines 

Time 
Deposition 

 
T 

(°C) 

Flow 
rate     

(L/min) 

a 
(mol/min) 

T 

(°C) 

Flow 
rate     

(L/min) 

a 
(mol/min) 

T (°C) 
Flow 
rate     

(L/min) 
(min) 

VO2(M) 80 0.8 0.0055 40 0.2 0.0028 550 21.6 1 

 

Figure 12 provides a picture of the as-formed thin film (named S1) synthesised 

by APCVD using the initial experimental conditions. The substrate surface was unevenly 

covered and the thin film was non-homogeneous. There were disparities in the film 

colours – only a small patch of the film had a gold-brownish colour, which is the 

characteristic colour of monoclinic VO2. This could indicate the formation of additional 

vanadium oxide phases. The adhesion of the film to the substrate was tested via the 

Scotch tape method 127 -  the overall result displayed poor adhesion.  

The APCVD deposition of the VO2 film was performed for 1 minute. A previous 

study completed on this specific APCVD, showed that VO2 film growth rate - estimated 

via cross sectional scanning electron microscopy – was ca. 300 nm min-1 74. Hence, the 

present film thickness was estimated to ca. 300 nm. 

The X-ray diffraction (XRD) of the film is also shown in Figure 12. The XRD 

measurements showed a pattern relatively noisy - suggesting a poor crystallinity of the 

film. The few visible diffraction peaks did not match the VO2(M) phase (ICSD code 

collection 34033), however, two peaks (36.4° and 54.3°) could be attributed to magneli 

phases V4O7 (ICSD code collection 2211). Nevertheless, the optical measurement - 

determined by recording the transmittance spectra in the UV-Vis-NIR regions -  

confirmed the thermochromic behaviour of the sample S1, which can be seen through a 

switch of the transmittance in the NIR region (Fig. 13). The temperature in which the 

switch occurred was ca. 68°C – corresponding to the usual transition temperature 

observed for un-doped VO2 material. This could suggest that S1 is a mixture of VO2(M) 

and magneli phases VnO2n-1 such as V4O7. The transition was reversible where the 

transmittance returned to initial values after the sample cool down to room temperature 

(Fig. 13). The spectrum was used to calculate ΔTSOL, ΔTIR and TLUM according to the 
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formula detailed in experimental section (cf. section 2.1.2.3). The measured solar 

modulation (ΔTSOL) was 0.88% and ΔTIR = 1.67%. The visible light transmittance (TLUM) 

was ca. 26% for both states – cold state (Room Temperature) and hot state (90°C). 

Niklasson et al.128 presented a schematic illustration of TLUM and ΔTSOL values for 

different categories of VO2(M) such as doped VO2 films, VO2 with anti-reflection layer 

and un-doped VO2. This diagram was used in this study as a comparative basis for the 

achieved results as it gives an overview of the current state-of-the-art. In the diagram, 

for the un-doped VO2 group, ΔTSOL lies between 2.5 and 12%, while TLUM is between 10 

and 45%. As a result, the solar modulation obtained for S1 is substantially below the 

usual observed ΔTSOL, while TLUM is in line with the literature values. The low solar 

modulation could be due to a prior gas phase reaction between VCl4 and EtAc, which 

possibly occurred before the reactor, as VCl4 is a well-known oxidizing agent. Such 

reactions can lead to the formation of other vanadium phases and can create particles, 

which could either bounce on the surface resulting in no deposition, be deposited on the 

top plate due to thermophoresis forces or settle onto the surface producing a film with 

low adhesion 129,130. Accordingly, a greater dilution of the gas phase precursors could 

prevent/suppress this type of pre-reaction – resulting in films with superior properties. 

One way of increasing the dilution is to raise the flow rate of nitrogen in the APCVD plain 

lines. This work is detailed in the following section. 
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Figure 12: Photo and XRD patterns of the sample S1. 
 

 
Figure 13: Transmittance spectrum of a single VO2 layer, sample S1. 

 

2.1.3.2. Plain Lines flow rate optimisation 

The plain lines refer to the pipes preceding the mixing chamber by which a gas 

is introduced. The gas – usually inert such as nitrogen or argon - has the role of diluting 

the reactive gas phase precursors that enter the mixing chamber before they reach the 

reactor 131. The dilution is necessary to prevent possible gas phase reactions which could 

lead to undesirable particles formation.  

Herein, the plain lines are connected to a nitrogen gas (N2) cylinder and a flow 

meter control the gas flow rate in the pipes (Fig. 14). 
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Figure 14: Schematic illustration of the atmospheric pressure chemical vapour deposition rig. 
Purple dashed lines delineate the pipe area correspond to plain lines. 

 

The initial experimental conditions produced a mixture of VO2(M) and Magneli 

phases film that had poor adhesion to the substrate, and showed relatively low solar 

modulation. As described previously, a higher dilution of the precursors could increase 

the adhesion of the film and avoid prior gas phase reactions. This can be achieved by 

raising the N2 flow rate in the plain lines. Hence, the flow rate was successively increased 

from 21.6 to 24.4 L min-1 and the results are summarized in the table below. 

Table  2: Light transmittance and solar modulation of a series of four VO2 single layers. 

Samples Flow Rate Plain Line 

(L.min-1) 

TLUM(25)  

(%) 

TLUM(90) 

(%) 

ΔTIR      

(%)  

ΔTSOL        

(%) 

*Initial S1 21.6 26 26 1.67 0.88 

S2 23.2 40 41 10.60 5.12 

S3 24.9 34 34 1.73 0.98 

S4 27.4 64 64 7.15 3.82 

 

All samples were synthesised in accordance with the initial experimental 

conditions used to synthesise sample S1. Only the N2 flow rate in the plain lines was 

successively changed from 21.6 L min-1 to 23.2, 24.9 and 27.4 L min-1.  

The first increase to 23.2 L min-1 (sample S2) enhanced the uniformity of the film 

as well as the adhesion – passed the Scotch tape test (Fig. 15). The XRD pattern 

confirmed the presence of VO2(M) with no other phases (Fig. 16). The optical properties 

highlighted a significant increase of the solar modulation ΔTSOL and ΔTIR from 0.88 to 
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5.12 % and 1.67 to 10.6 %, respectively. Similarly, TLUM was significantly higher – the 

latter being increased by 50%, from 26% to 40% (Table 2). 

The following increase to 24.9 L min-1 also showed an improvement of the 

adhesion. The film, however, had a darker colour than the usual observed colour for a 

VO2(M) film, which is gold-brownish. It could indicate the formation of other vanadium 

oxides phases or a carbon contamination. The XRD pattern of the sample was 

particularly noisy - hampering the phase identification (Fig. 16). Despite the noisy 

background, a broad diffraction peak at ca. 27.8° matched the most intense diffraction 

peak of the reference VO2(M) XRD pattern. This could suggest the presence of VO2(M). 

The solar modulations ΔTSOL and ΔTIR were low and similar to the reference sample S1 

with 0.98 and 1.73 %, respectively. It is most likely due to the relatively low crystalinity 

of the film and to the possible formation of other phases than VO2(M) such as Magneli 

phases. Magneli phases VnO2n-1 corresponds to an oxygen-deficient vanadium oxide 

where the oxygen vacancies prefer to form a shear structure. This preference is linked 

to the defect concentration and the oxygen chemical potential, and therefore, the oxygen 

partial pressure and temperature132. The change in N2 flow rate affect the precursor 

concentrations and the oxygen partial pressure, and could cause the formation of 

Magneli phases. 

At a higher flow rate, 27.4 L min-1, the deposition resulting in a low surface 

coverage. The poor surface coverage is most likely due to the high dilution of the 

precursors leading to a lack of precursors at the substrate surface during the deposition. 

Nevertheless, the gold-brownish patch on the substrate was identified as VO2(M) by XRD 

measurements (Fig. 16). No other phases were found. The solar modulation - ΔTSOL of 

3.82% - was rather low, however, the value is higher than the initial sample S1 and within 

the range for un-doped VO2(M) 128. The visible light transmittance was significantly higher 

than all other samples – reaching 64%. The high TLUM can be attributed to the relatively 

low thickness of the sample. In such cases, all samples were synthesised with the same 

time deposition (1 minute), and therefore the N2 flow rate increase – reducing the 

precursor concentrations – resulted in thinner film depositions. 
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The increase of N2 flow rate resulted in considerable increased of the optical 

values. The solar modulation ΔTSOL increased from 0.88 to 5.12 when the flow rate was 

set to 23.2 L min-1. An improvement of the visible light transmittance TLUM can also be 

observed – an increase of 50%. At higher flow rate (24.9 and 27.4 L min-1), the resulting 

films also displayed higher ΔTSOL, ΔTIR and TLUM values than sample S1. Nevertheless, 

a higher flow rate than 23.2 L min-1 resulted in the possible formation of Magneli phases 

or in a lack of deposition - manifesting changes in reactions, mass transportation and 

availability of oxygen source.  

These experiments showed that the plain line flow rate of 23.2 L min-1 produced 

the highest solar modulation, and hence further experiments in this report were carried 

out with a fixed flow rate of 23.2 L min-1. 

 
Figure 15: Single VO2(M) layer on glass substrate. The carrier gas was successively increased 

from S1 = 21.6 L min-1 to S2 =23.2, S3 = 24.9 and S4 = 27.4 L min-1. 
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Figure 16: XRD patterns of single-layer of monoclinic VO2(M) deposited on glass substrate at 

different N2 flow rate. 

 

  
Figure 17: UV-Vis-NIR spectra for a single VO2 layer deposited with different N2 flow rate on 

glass substrate. 

 



CHAPTER 2: SYNTHESIS OF VO2 THIN FILMS BY APCVD 

 68 

 
2.1.3.3. Cleaning Method Effect 

In order to determine the effect of sample preparation on the thermochromic 

properties of the deposited films, a series of samples were prepared where the cleaning 

method was altered, as shown Table 3. The initial cleaning condition, used for the sample 

S2, did include a first wash with acetone, followed by iso-2-propanol and distilled water. 

This order was chosen for the following reason: (i) Acetone is used to remove any greasy 

traces at the surface of the glass, (ii) iso-2-propanol is then used to remove acetone 

residues, and as a final step (iii) the whole surface is rinsed with distilled water to remove 

any remaining dirt. The second cleaning method added the use of detergent (sample 

S7). The last method included surface treatment with plasma technique using the 

Henniker plasma HPT-100 (sample S9). The cleaning method effects on the 

thermochromic properties were summarized in the table below:   

Table  3: VO2(M) thin films synthesised by APCVD using same experimental conditions 
but different washing methods of the substrate. 

 
SAMPLES CLEANING METHOD TLUM(25) TLUM(90) ΔTIR ΔTSOL 

*INITIAL 

S2 

Acetone, IPA, rinse with DI water 40 41 10.6 5.12 

S7 Acetone, IPA, detergent, rinse 

with DI water 

31 30 11.7 6.44 

S9 Acetone, IPA, rinse with DI water, 

Plasma 

33 34 9.13 4.41 

 
The substrate preparation had a noticeable impact on the thermochromic and 

physical properties - such as adhesion - of the deposited VO2 thin films. The sample S7 

passed the Scotch tape test as sample S2, however, the S2 film was easily removable 

with a stainless-steel scalpel unlike S7 film (Fig. 18). As a result, the detergent showed 

improvement of the surface adhesion. Furthermore, the solar modulation for this sample 

was also improved, increasing from 5.12% to 6.44%. The cleaning method including 

detergent showed to have a positive impact on the chemical and physical properties of 

the deposited thin films. The effects observed could be due to the soap affecting the 

glass substrate surface, where the soap could cause free hydroxyl groups at the surface. 
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Thereafter, they could react with the thin film during APCVD reaction and produce strong 

oxygen bridging bonds – resulting in a stronger adhesion to the substrate 80.  

 

Figure 18: Sample S2 and S7, synthesised by APCVD, using same experimental conditions, 
but different substrate preparation. 

 

The plasma surface treatment was used for the third cleaning method. It showed 

a positive effect on the transition temperature – reducing this latter from 68°C to 58°C 

(Fig. 19). The solar modulation, however, decreased to 4.41%. Overall, no improvement 

of the visible light transmittance was observed for any cleaning methods - TLUM ranging 

between 30 and 35% for all samples. The XRD pattern matched the monoclinic phase 

of VO2, but showed to have a noisy background (Fig. 20). 

These results showed that the cleaning method plays a significant role on the 

chemical and physical properties of the deposited thin films. The highest solar 

modulation was achieved by including detergent in the sample cleaning process. A 

reduction of the MIT was observed with the third cleaning method, however, further 

techniques resulting in a decrease of the MIT will be discussed later in this thesis. For 

this reason and due to the inconvenience of the plasma technique, it will not be 

considered further. Accordingly, the second cleaning method which include acetone, 

isopropanol, detergent and distilled water will be used for any further experiments. 
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Figure 19: Hysteresis loop of samples S7 and S9. The transmittance was measured via UV-
Vis-NIR spectroscopy at 2500 nm from 30 to 90°C, every 5°C.The transition temperature was 
determined by fitting the curves with Botlzmann function and then applying the first derivative. 

 

 

Figure 20: XRD patterns of single-layer of sample S7 and sample S9. 

 
2.1.3.4. Deposition Time 

The optimization of the plain lines N2 flow rate and the change in the cleaning 

process allowed a significant increase of the VO2 solar modulation from 0.88 to 6.44%. 

However, the visible light transmittance remained quite low, ca. 30%, for the sample with 

the highest solar modulation - sample S7. Despite this, TLUM was higher than previously 
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reported for single VO2 layers produced by APCVD with the same deposition time , which 

was 16% in the hot state and 14% in the cold state 74.  

Nonetheless, the window and glass market for building and/or residential sector 

requires significantly higher visible light transmittance, usually ca. 65% 133,134,135,59. In 

order to improve the light transmittance in the visible spectral range of S7, the deposition 

time was reduced to 30 seconds resulting in a thinner VO2 layer (Table 4).  

 

Note: The expected thicknesses for samples S7 and S8 were previously determined at 

300 and 150 nm, respectively. The expected values were based on the growth a rate of 

300 nm min-1 – determined by cross sectional scanning electron spectroscopy 74.  Lin et 

al.136, however, demonstrated that SEM suffered from a lack of accuracy for thickness 

measurements, and was recommended only for rough thickness estimations. On the 

contrary, the same group identified ellipsometry as the most accurate technique to 

measure thicknesses. As a result, ellipsometry measurements were performed in order 

to determine the thickness of the samples. The ellipsometry is a non-destructive method, 

which measure the change of the polarization state of the light after the latter is reflected 

off the film surface. A linear polarized light is directed to the film surface, where the 

sample with a refractive index n, an extinction coefficient k and a thickness t will change 

the polarization of the light, which is then collected by a detector. The set of data allow 

the calculation of the phase change (∆) and amplitude ratio (ψ) of the reflected light, 

which is linked to the n, k and t parameters via the Fresnel equation: 

 

𝑃 = tan(𝜓) 𝑒𝐼∆ = 𝑓(𝑛𝑖 , 𝑘𝑖 , 𝑡𝑖) 

 

Then, a mathematical model representing the film structure is built for determining the 

best fit parameters (n, k, and t) to match the experimental data (∆,ψ), and therefore 

determine the thickness of the film. The results are summarized in the table below: 
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Table  4:  Light transmittance and solar modulation of VO2 single layers with different thickness. 

SAMPLES DEPOSITION 

TIME 

THICKNESS 

(nm) 

TLUM(25) 

(%) 

TLUM(90) 

(%) 

ΔTSOL ΔTIR 

S7 1 minute 177 31 30 6.44 11.7 

S8 30 seconds 65 35 37 4,84 11.3 

 

The VO2 thin films were both homogenous with a gold-brown hue. They had a 

strong adhesion to the glass substrate, and passed the scotch tape test. The films were 

stored in air, and showed a good stability over a period of several months. They also 

have been found resistant to acetone, methanol and ethanol. The ellipsometry 

measurements revealed a thickness of 177 nm for 1 minute deposition and 65 nm for 30 

seconds deposition for VO2 film deposited by APCVD process. 

Reducing time deposition had slightly increased the visible light transmittance 

from 31/30% to 35/37% (Table 4). The solar modulation, however, decreased from 6.44 

to 4.84 %. The modulation of the NIR wavelengths (ΔTIR) remained similar – indicating 

that reducing the thickness did not have any negative impact on the efficiency to 

modulate infrared. A lower time deposition of 15 seconds was carried out and was not 

included in the table as no deposition occurred.  

 

Halving the thickness was achieved by reducing the time deposition by half – 

indicating that the thickness can be controlled via time deposition. Furthermore, 

decreasing the thickness improved the TLUM but it remained relatively low ca. 35/37%. A 

lower thickness would be more ideal to be in line with the window and glazing market. 

However, a short time deposition can prevent the precursors reacting on the surface 

substrate leading to poor thermochromic properties. A thinner film without reducing the 

deposition time is possible to obtain by changing the precursors flow rate. The change 

of this parameter is detailed latter in this section. The resulting thin films were compared 

with samples S7 and S8 – which were used as reference. 
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2.1.3.5. Precursors Molar Flow rate 

Two samples of VO2 (M) have been synthesised at different thicknesses and 

different experimental conditions compared to the reference S7 and S8 as shown in the 

table 5. The temperatures of the bubblers were reduced - resulting in a lower vapour 

pressure, while the gas phase precursors flow rates were also decreased via the flow 

meter. These changes led to a lower amount of materials reaching the reactor.  

 

Table  5: Experimental conditions for growing VO2 thin film via APCVD. For all 
experiments, the substrate temperature was set at 550°C, and the flow rate of plain lines 
was set at 23.2 L min-1. 

Thin 

Film 

T (°C) 

VCl4 

Bubbler 

T (°C) 

EtAc 

Bubbler 

Flow 

Rate (L 

min-1) 

VCl4 

Bubbler 

Flow 

Rate (L 

min-1) 

EtAc 

Bubbler 

a  

VCl4 

(mol 

min-1) 

a  

EtAc 

(mol 

min-1) 

Time 

Deposition 

(min) 

*S7 80 40 0.8 0.2 0.0055 0.0029 1 

*S8 80 40 0.8 0.2 0.0055 0.0029 0.5 

S10 40 30 0.8 0.06 0.0009 0.0005 2 

S11 40 30 0.8 0.06 0.0009 0.0005 1 

*samples used as reference 
 

The two VO2 thin films produced by APCVD were both homogenous with a gold-

brown hue. They had a strong adhesion to the glass substrate, and passed the Scotch 

tape test. All films thicknesses were measured by ellipsometry and were summarized in 

Table 6.  

The XRD patterns matched the monoclinic VO2 phase with preferential 

orientations along the (011) plane (Fig. 21). This has been assessed by comparing the 

peak intensities of the XRD patterns with the reference. In the database pattern (ICSD 

33034), the peaks (211), (212) and (220) are approximatively half of the most intense 

peak (011). The XRD patterns of the samples, however, showed that those peaks are 

almost non-existent except for the most intense peak (011). The relative intensities of 

the diffraction peaks are significantly different than those observed in the reference 

pattern. The intensity ratio of peaks (011)/(211)  is 2 for the reference pattern, and is ca. 

4 for sample S7, ca. 3 for sample S8, ca. 5 for sample S10 and ca. 3 for sample S11. 



CHAPTER 2: SYNTHESIS OF VO2 THIN FILMS BY APCVD 

 74 

This shows that there is preferential orientation towards this diffraction plane.  

Furthermore, sample S11 showed low diffraction peak intensity compared to the other 

samples. As sample S8 and S11 have similar thicknesses, the poorly defined pattern 

could suggest poorer crystallinity or smaller crystallites size than samples S7, S8 and 

S10. No other clear diffraction peaks could have been assigned to impurities or other 

phases.  

 

Figure 21: XRD patterns of single-layer of monoclinic VO2 at different thicknesses. 

The chemical environments and oxidation state of vanadium were investigated 

by X-ray photoelectron spectroscopy. The V2p3/2 core-level peak could be split in two 

peaks at the binding energies of 515.9 and 517.3 eV – corresponding to the oxidation 

states V4+ and V5+, respectively (Fig. 22). The measurements highlighted a slight 

oxidation of the films with the presence of V2O5 at the extreme surface (few nanometers). 

The latter is due to the films being stored in air for few months before the XPS analysis 

was carried out. Nonetheless, the V4+/V5+ ratio was 60:40 which showed a greater 

proportion of V4+ than films prepared in another study using APCVD 74. This showed that 
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the films have a good chemical stability. The O1s signal was divided in 3 peaks at the 

binding energies of 530.1, 531.9 and 533.3 eV. The binding energy at 530.1 eV was 

attributed to V-O bonds. Carbon was present at the film surface as evidenced by the C-

O bonds at the binding energy of 531.9 eV. This is likely due to the use of EtAc as the 

oxygen source, or adventitious carbon contamination. The peak at the binding energy of 

533.3 eV was assigned to Si-O bonds. The silicon is present in the SiO2 barrier layer, 

which suggest the presence of pinholes into the films. These binding energies are in 

accordance with those reported in the literature 137,138. 

 

Figure 22: X-ray photoelectron spectroscopy (XPS) spectra of VO2 thin films. 

 

The surface morphology and the microstructure of the four VO2 (M) samples were 

characterised by Scanning Electron Microscopy (SEM), as shown in Fig 23. The SEM 

images showed a uniform morphology with a high surface coverage. All samples showed 

a morphology with defined crystallites. The microstructure of the films was clearly 

different as function of the molar flow rate (µ). At high molar flow rate i.e. μVCl4 = 5 × 10−3 

mol min−1 and μEtAc = 3 × 10−3 mol min−1, samples S7 and S8 showed round-like grain 

shape. At lower flow rate i.e. μVCl4 = 1 × 10−3 mol min−1 and μEtAc = 0.5 × 10−3 mol min−1, 

the grain took an elongated shape, as seen in samples S10 and S11. The grain sizes 

were found similar for the 30-seconds and 1-minute deposition samples under high flow 

regime. In low molar flow regime, however, the sample deposited for 1 minute (sample 
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S11) had significantly smaller grain sizes than the sample deposited for 2 minutes 

(sample S10). This was likely due to lack of available precursor.  

 
Figure 23: SEM of single VO2 layer synthesised via APCVD. A) sample S7, B) sample 
S8, C) sample S10 and D) sample S11. 

 
Further morphology analysis was carried out using atomic force microscopy 

(AFM). The surface structures of the four VO2 films, provided by the three-dimensional 

AFM images, showed a good correlation with the SEM observations (Fig. 24). Sample 

S7 had the highest roughness from all samples; and was the thicker film (Table 6). 

Conversely, samples S8 and S11 – which had similar thicknesses - showed relatively 

smooth surfaces. The average roughness of both samples was similar to a 125 nm VO2 

layer deposited by magnetron sputtering (RRMS  12 nm) 139. At both high and low molar 

flow regime, the average surface roughness (AFM) was higher when increasing the 

thickness of the films. This highlights that, for a deposited film, the surface roughness 

can be tailored by controlling the molar flow rate and the time deposition.  

Table  6: Average surface roughness of the VO2 films as estimated from atomic force 
microscopy (AFM) analysis. The films were deposited as indicated in Table 1. The 
thicknesses were measured with Dr. Alaric Taylor using ellipsometry.  

 
SAMPLE S7 S8 S10 S11 

DEPOSITION TIME 
(min) 

1 0.5 2 1 

THICKNESS (nm) 177 65 125 72 
AVERAGE RMS 

(nm) 
22 11 14 11 
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Figure 24: Atomic-force microscopy images for the four VO2 coatings on glass 
substrates. The corresponding film thicknesses were: (A) sample S7: 177 nm, (B) sample 
S8: 65 nm, (C) sample S10: 124 nm and (D) sample S11: 72 nm, for samples A-D, 
respectively (determined by ellipsometry). Images taken by Dr. Rachel Wilson. 
 

The thermochromic properties of the films were determined according to the 

process detailed in the experimental section (cf. section 2.1.2.3). The samples’ 

transmittance were recorded in the UV-Vis-NIR regions from 25 to 90°C. The 

measurement at 25°C was repeated after the sample cooled down for checking the 

switch reversibility (Fig. 25). All samples showed a reversible change in the NIR region 

at the temperature ca. 68°C – corresponding to the Tc of undopped VO2. The resulting 

data, summarized in Table 7, were split into two categories to facilitate comprehension: 

(i) high molar flow rate regime and (ii) low molar flow rate regime. 

High Molar Flow Rate Regime (μVCl4 = 5 × 10−3 mol min−1 and μEtAc = 3 × 10−3 mol min−1) 

Sample S7 had a slightly higher ΔTSOL than sample S8, however, both had similar 

ΔTIR of ca. 11% (Table 7). The differences observed for ΔTSOL could be due to a small 

transmittance change in the visible region between the cold and hot state. Nevertheless, 

changes in visible region only affect the transmission of the light through the film and not 

the efficiency of the film to modulate the infrared rays. Therefore, the comparison 

between ΔTSOL and ΔTIR is necessary as the latter only measures the change of 

transmittance in the NIR region. In this case, both samples showed a similar ΔTIR – 
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suggesting they have similar thermochromic properties. In addition, they displayed the 

same large switch between the cold and hot state at 2500 nm, that is ca. 52%. Overall, 

the thickness differences between sample S7 and S8 did not affect the efficiency of the 

infrared modulation. The thickness of the samples, on the other hand, influenced the 

visible light transmittance (TLUM), which was higher for the thinnest VO2 film, sample S8. 

The thickness dependence of the luminous transmittance is well known and have been 

already demonstrated for VO2 thin films140. 

 

Low Molar Flow Rate Regime (μVCl4 = 1 × 10−3 mol min−1 and μEtAc = 0.5 × 10−3 mol 

min−1)  

Samples S10 and S11 displayed different solar modulations ΔTSOL as well as 

different infrared modulations ΔTIR (Table 7) – S10 having higher ΔTSOL and ΔTIR than 

S11. In addition, the switch at 2500nm was larger for S10 (58%) than S11 (41%). At low 

molar flow rate regime, the time deposition i.e. the thickness showed to negatively affect 

the solar modulations ΔTSOL and ΔTIR. Among all samples, S11 displayed the smallest 

change in transmittance at 2500 nm – although it is in line with those reported in the 

literature - as well as the lowest solar modulation. An example of common transmittance 

change at 2500 nm is about 35% - for a VO2 film synthesised by APCVD60. The low 

ΔTSOL and ΔTIR of sample S11 could be due to a poor crystallinity, established from S11 

XRD pattern (Fig. 21), which could reduce the thermochromic performance. Although 

sample S11 did not have the lowest thickness, it revealed the highest visible light 

transmittance from all samples with 47 and 50%, for cold and hot state, respectively. 

Sample S10 showed similar TLUM and solar modulations than other samples. 
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Table  7: Light transmittance and solar modulation of a single VO2 layer at different 
thickness. 

MOLAR FLOW 

RATE REGIME 
SAMPLE 

THICKNESS 

(nm) 

TLUM(25) 

(%) 

TLUM(90) 

(%) 

ΔTSOL 

(%) 

ΔTIR 

(%) 

HIGH 

µVCl4 = 5 × 10−3 mol 

min−1 µEtAc = 3 × 10−3 

mol min−1 

S7 177 31 30 6.44 11.7 

S8 65 35 37 4.84 11.3 

LOW 

µVCl4 = 1 × 10−3 mol 

min−1 µEtAc = 0.5 × 

10−3 mol min−1 

S10 125 31 33 5.41 11.4 

S11 72 47 50 3.32 9.2 

 

Overall, all samples showed good thermochromic performance with ΔTSOL 

between 3.32 and 6.44%. The solar modulations here are in line with those of pristine 

VO2 thin films synthesised via other techniques, such as spin-coating or magnetron 

sputtering 141,142. Several data from the literature, illustrated in Table 8, were gathered in 

order to have a comparative basis of VO2 thermochromic properties for different 

synthesis methods. The solar modulation of VO2 films synthesised by magnetron 

sputtering was ranged between 4.5 and 11.2% (Table 8). Furthermore, the same 

deposition process – APCVD – produced VO2 films thicker than our samples (ca. 300nm) 

that showed lower thermochromic performance (ΔTSOL = 3.1%). They also had lower 

visible light transmittance at cold and hot state, 14 and 16%, respectively, which is due 

to the high thickness 74. In addition, it is important to keep in mind that for a single VO2 

film produced via APCVD, optical simulations (FDTD) showed that the highest solar 

modulation it could reach was ca. 15% 143. Regarding visible light transmittance of the 

samples, they were all in line with those in the literature (Table 8). A film thickness 

dependence of TLUM was observed among the samples produced at the same molar flow 

rates. At high molar flow rate regime, for instance, the thicker sample, S7, showed a 

lower TLUM than S8. However, the thickness dependence was not observed when 

comparing samples deposited at different molar flow rate regimes. This can be seen 

when comparing sample S8 (65 nm) and S11 (72 nm) – the former produced at high flow 
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rate regime while the latter was produced at low regime. In this specific case, the thicker 

sample S11 showed a visible light transmittance 50% higher than the thinnest sample 

S8. The surface roughness (RMS) of both samples, provided by AFM measurements, 

was similar ca. 11 nm (Table 6). However, the 3D AFM scans and SEM images showed 

difference between the morphologies of the two samples. Sample S11 showed 

elongated grain shapes while sample S8 had round-like shape grain. In addition, the 

average grain sizes of both samples was different. Sample S8 had a higher average 

grain size than S11 with ca. 143 and 30 nm, respectively. Zhou et al.115 demonstrated 

that there was weak light scattering when the VO2 particle sizes were below 50 nm. 

Below this specific particle sizes, the light from the visible region poorly interact with the 

VO2 particles – resulting in higher visible light transmittance. Therefore, the high TLUM 

displayed by sample S11, in spite of its thickness being higher than S8, could be due to 

a weaker light scattering due to its small grain sizes. 

Finally, a good reproducibility of the synthesis of VO2(M) films was observed. The change 

of some experimental parameters such as the molar flow rate, the cleaning process of 

the substrates, and the time deposition did not show to have an impact on the phase 

synthesised, where the monoclinic phase of VO2 was achieved for each thin film 

deposition. Nonetheless, another phase (or oxidation state) than VO2(M) could be 

obtained when blockage in the APCVD pipes occurred – resulting in a change in the 

amount of precursor transported to the reactor. A good maintenance of the APCVD rig 

such as regular cleaning was necessary to maintain a good reproducibility. The 

measurements of the thickness of the films showed a good reproducibility for thin films 

produced using the same experimental conditions. However, the thickness was not 

uniform over the whole substrate. The area of the substrate closer to the APCVD reactor 

entrance, where the gaseous species are introduced, showed a thicker film compared to 

the area close to the exhaust, which showed a thinner film. To compare the thin films 

and to ensure a reproducibility in the measurements, same size substrates were used 

for all the samples, and the measurements were performed on a chosen spot of the 

substrate, which was the same of all samples.  
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Finally, for a better understanding of the visible light transmittance, and in 

particular the visual aspect, a photo of sample S8 (TLUM = 35/37%) is illustrated in Figure 

26, and compared to a commercial window. 

 

Table  8: Thermochromic properties of VO2 thin films synthesis by different deposition 
process. 

METHOD SAMPLE 
THICKNESS 

(nm) 
TLUM(25) 

(%) 
TLUM(90) 

(%) 
TSOL 

(%) 
Ref. 

Magnetron 
Sputtering 

VO2 90 38 38 6.0 28 
VO2/MgF2 (111)  120 41.7 33.9 11.2 144 

VO2 50 42 45 4.5 141 
VO2/SiO2/glass N/A 27.6 26.3 6.3 145 

VO2/quartz glass 55 34.1 35.3 6.8 146 

Spin-Coating VO2 119 38.4 40.4 9.7 142 

Polymer-
Assisted 

Deposition 
VO2 102 43.3 39.9 14.1 147 

APCVD 

VO2 300 14.1 16.5 3.1 74 
VO2/glass (S7) 177 31 30 6.4 * 

VO2 /glass (S10) 125 31 33 5.4 * 
VO2 /glass (S11) 72 47 51 3.3 * 

VO2 /glass (S8) 65 35 37 4.8 * 

*This work 
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Figure 25: UV-Vis Spectra of single VO2 layer at cold state (blue dotted lines), hot state (red solid 
lines) and at cold state again after cooling down the sample (green dotted lines). 

 

 

 
Figure 26: Left: Photo of the outside view through commercial glass. Right: Photo of the same 

view through a typical VO2 thin film deposited by APCVD on float glass (sample S8, 65 nm). 

 
To conclude, the reduction of the gas phase precursor molar flow rate allowed 

the deposition of thinner VO2 thin films – without reducing the deposition time – whilst 

maintaining the solar modulation.  The thickness and the morphologies of the films can 
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be tailored by the synthesis conditions. The highest visible light transmittance was 

displayed by a VO2 film of 72 nm (TLUM = 47/50%), while the highest solar modulation 

was obtained with a thicker film (177 nm), ΔTSOL = 6.44%. The films efficiency to 

modulate the received heat – represented by the infrared rays – was similar at all 

thicknesses (65-177 nm), ΔTIR ~ 11%. In addition, the thermochromic performance of 

the films were similar to those deposited by magnetron sputtering (Table 8). Magnetron 

sputtering, however, is an expensive deposition method, it requires low pressure and a 

longer time due to the low growth rate. Thus, this work showed the experimental 

conditions to synthesise similar VO2 thin films thermochromic performance with a 

cheaper deposition process (APCVD), at a faster growth rate (~ 177 nm min -1) and with 

commercial precursors (VCl4 and EtAc). On the other hand, this section showed that the 

reaction between VCl4 and ethyl acetate via APCVD to produce VO2 thin films were 

repeatable and reproducible.  

 

2.1.3.6. Thermochromic performance standard error  

The improvement of VO2 films thermochromic properties was obtained with the 

optimization of the deposition process, APCVD. The optimal experimental conditions 

below were defined to achieve the best solar modulation for a single VO2(M) layer. 

Table  9: Optimised experimental conditions for the synthesis of VO2(M) film by APCVD. 

Reactor  

Temperature 
550°C 

Plain Lines 

Pressure 
23.2 L.min-1 

VCl4 Bubbler 

Pressure - Temperature 
0.80 L.min-1 – 40 °C 

EtAc Bubbler 

Pressure - Temperature 
0.06 L.min-1 - 30°C 

 

The films produced in accordance with the aforementioned conditions showed 

significantly higher solar modulation than initial films. Nevertheless, slight variations of 

ΔTSOL can be observed when two films are synthesised with the exact same conditions, 
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and are due to the deposition process. When comparing two samples, it is important to 

know the percentage of variation, which can be attributed to the deposition process, and 

from what percentage can we consider that the increase or decrease of ΔTSOL is due to 

external factors.  

Two different values linked to each other can be used to describe these 

variations. The standard deviations (SD) is used to measure the disparity among a batch 

of samples – indicating how values are distanced from the average value, which is often 

illustrated by the distribution shape. For instance, a group of 10 people, where the 

average age is 25, is represented in a histogram. For this specific group, a narrowed 

distribution shape indicates that the resulting SD is a small value – revealing that the age 

of the 10 people are close to 25. On the contrary, a broaden distribution means that there 

is a high disparity between the people’s ages resulting in a large SD – some people in 

the group could be younger than 10 years old and some other older than 70 years old. 

The standard deviation can be calculated according to the following equation (Bessel’s 

correction)148: 

  

𝑆𝐷 = √
∑(𝑋 − 𝑋𝑚)2

𝑁 − 1
 

Where,  

X: individual calculated values, 

Xm: mean value, 

N: number of sample. 

The standard error, unlike standard deviation, not only describes the variability 

within a set of data but shows the precision of the mean value, i.e. how accurate is the 

mean value to represent the whole population of interest. Another definition is “the 

standard error of the mean (sem) is the theoretical standard deviation of all sample 

means of size that could be drawn from a population. Its value depends on the population 

variance and sample size” 149.  
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The standard error (SE) is calculated from the standard deviation according to 

the below equation: 

𝑆𝐸 =
𝑆𝐷

√𝑁
 

A set of 5 VO2 thin films was produced according to the aforementioned 

experimental conditions. A time deposition of 1 minute was applied for each sample. The 

optical values – ΔTSOL and ΔTIR – were calculated from the UV-Vis-NIR spectra. The 

standard deviation (SD) and standard error (SE) were calculated from the above 

equation. The results are summarized in the table below: 

 

Table  10: The standard deviation and standard error of ∆TSOL and ∆TIR for a set of 

VO2(M) films. 

SAMPLES ΔTSOL ΔTIR 

#1 3.74 9.12 

#2 4.37 10.48 

#3 5.41 11.4 

#4 6.84 13.11 

#5 4.86 11.23 

MEAN 5.04 11.07 

SD 1.18 1.45 

SE 0.53 0.65 

 

The standard deviation of ΔTSOL for the set of data is 1.18 with a mean value of 

5.04. For a normal distribution, 68% of the values correspond to the mean value ± SD, 

95% is Mean ± 2*SD and 99.7% is Mean ± 3*SD. Considering a normal distribution in 

our case, 68% of the set of data have a solar modulation of 5.04 ± 1.18. Regarding ΔTIR, 

the value is 11.07 ± 1.45. 

The standard error is 0.53 for ΔTSOL and 0.65 for ΔTIR. The later correspond to 

the error expected on the solar modulation values for a specific VO2 synthesis.  That is, 

any single VO2 layer deposited by APCVD for 1 min with the experimental conditions 
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described above is expected to have a ΔTSOL of 5.04 ± 0.53 and a ΔTIR of 11.07 ± 0.65. 

There is a 95% probability (for normal distribution) that the average ΔTSOL lies between 

3.98 and 6.1, and ΔTIR is between 9.77 and 12.37. 

 

Note: The optical measurements performed on the samples have been realized with the 

same instrument and conditions. The measurement was carried out at the same spot for 

each sample (sample size = 5 samples), and is a single point measurement. The sample 

mean is getting closer to the population mean as the sample size increases. As a matter 

of fact, for large sample size, the sample mean is much less variable than are the 

individual observations, and the variance in the mean decreases as the sample size 

increases 150.   

 

2.1.4. Conclusion 

VO2(M) thin films were synthesised by APCVD using VCl4 as a vanadium 

precursor and ethyl acetate as an oxygen source. The APCVD experimental conditions 

were optimized to improve the thermochromic properties of the films. Consequently, it 

was shown that the nitrogen flow rate passing through the plain lines had an impact on 

resultant films thermochromic properties. The optimal N2 flow rate was obtained for 23.2 

L min-1 - resulting in a doubling of TLUM, from 26 to 40%, and a fivefold increase in solar 

modulation (ΔTSOL), from 0.88 to 5.12%. Furthermore, the films synthesised with the 

optimal flow rate showed a higher modulation of the NIR (ΔTIR), which was 10 times 

higher, from 1.67 to 10.6%. On the other hand, the substrate preparation showed to have 

a moderate effect on ΔTIR and ΔTSOL, with a further small increase from 10.6 to 11.7%, 

and 5.12 to 6.44%, respectively. Nonetheless, an adapted cleaning process of the 

substrate showed a reinforcement of the adhesion of the film to the substrate. The ΔTSOL, 

ΔTIR and TLUM showed to be dependent on the film thickness. A decrease of the thickness 

resulted in films with a higher visible light transmittance, but also, with a drop of the solar 

modulation. The reduction of the molar flow rate did not allow to circumvent this 

challenge. Nonetheless, it allows a significant increase of TLUM, from 33 to 50%, while 
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maintaining reasonable ΔTIR (9.2%) for a single undoped VO2 film of 72 nm. A higher 

solar modulation was obtained with thicker films (125 nm), ΔTIR ~ 11%. The 

thermochromic performance of the optimized VO2(M) films (ΔTSOL of 5.04 ± 0.53 and a 

ΔTIR of 11.07 ± 0.65) were similar than those synthesised by other method including 

magnetron sputtering (Table 8). Magnetron sputtering, however, has a lower growth rate, 

which results in a long deposition time, and requires low pressure – making it an 

expensive deposition technique. This chapter, therefore, showed the experimental 

conditions to synthesise similar VO2 thin films thermochromic performance with a 

cheaper deposition process (APCVD), at a faster growth rate (~ 177 nm min -1) and with 

commercial precursors (VCl4 and EtAc). In addition, it was shown that the reaction 

between VCl4 and ethyl acetate via APCVD to produce VO2 thin films were repeatable 

and reproducible. Finally, optical simulations (FDTD) highlighted that a single VO2 film 

produced by APCVD could reach a maximum solar modulation of ca. 15% 143. Therefore, 

multilayers VO2 materials are an interesting approach to overcome this threehold. 

Similarly, the addition of film having well-defined functionality, such as anti-reflection film, 

to a VO2 layer showed to significantly increase the visible light transmittance of such 

stacks. The following section focuses on the synthesis of VO2-based multilayers for 

improving the thermochromic properties.  
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2.2. VO2-based multilayers deposition   

2.2.1. Introduction 

The deposition of multilayers has been rapidly adopted as a promising approach 

to improve the VO2(M) thermochromic properties and in particular TLUM 28,74. Multilayers 

depositions offer a large range of options depending mainly on the layers’ choice and 

how the multiple layers are positioned in relation to each other. Multilayers are commonly 

used in the industry to produce additional functionalities. For instance, solar control 

glazing, which consists of a metallic thin film (around 4 nm thick) deposited on glass, 

often consists of 6-7 layers. This includes anti-reflective (AR) coatings to improve the 

transparency of the glazing to visible light, and protective coatings to prevent the 

oxidation of the metallic thin film, on one hand, and on the other hand, to protect the 

stack against atmospheric corrosion. For VO2-based stacks, literature showed that 

multilayers often consist of AR coatings deposited on the top a VO2(M) film with the aim 

of improving the visible light transmittance. For instance, the deposition of a TiO2 top 

layer showed an increase of 32% of TLUM, while a SiO2 top layer provides an increase of 

58% of TLUM 151,152. This TLUM increase could result from a gradual decrease of the 

refractive index gap between the VO2 layer (n = 2.8) and the air (n = 1) by introducing an 

intermediate layer such as SiO2 (n = 2.61) or TiO2 (n = 1.45). This has been 

demonstrated in several studies 153,154. Nonetheless, there is also a refractive index gap 

between the glass substrate (n = 1.5) and the VO2 layer. However, research has been 

mainly focus on depositing AR coatings on the top of the multilayers-stack to improve 

VO2 films visible light transmittance. Some authors, nonetheless, have synthesized VO2-

based double layers with a layer in sandwich between the VO2(M) film and the glass 

substrate 145,114,155. In this case, the layer – called buffer layer – usually have different 

functions than top coatings. Buffer layer are mainly used to grow specific phase of VO2 

that could not be obtained on a standard substrate such as glass, but also to reinforce 

the adhesion of the film to the substrate and to induce strains to the VO2 layer – resulting 

in a decrease of the MIT. Chang et al. 156 has used Cr2O3 buffer layer as a structural 

template for the growth of VO2 rutile phase. As a result, they were able to produce a 
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VO2(R) thin film at low temperature (250-300°C), and with a 56% increase of the solar 

modulation.  

The second part of this chapter, therefore, presents the growth of VO2(M) film on 

specific buffer layers, and the discussion of their thermochromic properties. The aim is 

to improve the visible light transmittance of the film by reducing the refractive index gap 

between the VO2 layer and the substrate, and to study the impact that buffer layers have 

on VO2 film properties. Finally, it also consists in providing a different approach to doped 

VO2 coatings. Doping VO2 thin films by APCVD can be challenging due to the lack of 

space in an APCVD rig and the restricted use of dopants – only dopants with high vapour 

pressure can be used. Furthermore, numerous of studies have reported the difficulties 

in synthesizing VO2-based multi-layers due to unwanted diffusion of ions from the 

additional layers to the VO2 film. Powell et al.74, for instance, synthesised a VO2-based 

triple layers, which was comprised of a SiO2 layer in sandwish between a VO2 and a TiO2 

layer. This set up was to avoid the diffusion of Ti4+ ions into the VO2 layer as it has shown 

to have a negative impact on the MST by increasing it. Therefore, in this study, this 

drawback was used in an attempt of doping VO2 films by purposely allowing ions diffusion 

from the buffer layer to the VO2 films.  

 

2.2.2. Experimental 

2.2.2.1. Synthesis of VO2-based stacks 

The VO2-based multilayers consist of a stack of two thin films deposited on glass 

substrate, and were designed as shown in Figure 27. The glass substrate was pre-

coated with a 50-nm thick SiO2 layer to avoid alkaline ions diffusions from the glass to 

the above layers. The first deposited layer of the stack was called the buffer layer. The 

buffer layer term refers to an intermediate layer in sandwich between two other materials, 

which is carefully chosen as function of the properties it will provide to the above layer 

157. It had a thickness ranged from 200 to 500 nm and was deposited by assisted aerosol 

chemical vapour deposition (AACVD) – a deposition process explained in the following 

chapter (cf. Chapter 3). The buffer layers comprised a range of metal oxides including 
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Ta2O5, SnO2, FTO, ZrO2, ZnO and Nb2O5. On the top of the buffer layer was deposited 

a 100-nm thick vanadium(IV) oxide film. The latter was grown via APCVD at 550°C in 

accordance with the optimal experimental conditions identified in the above section (cf. 

section 2.1), and summarized below: 

 

 

 

 

 

 

 

 

 

 

Figure 27: Schematic illustration of a vanadium(IV) oxide multilayer. 

 

2.2.2.2. Film Analysis 

Optical transmittance of all samples were monitored on a Perkin Elmer Lambda 

950 UV-Vis-NIR spectrophotometer that was equipped with a homemade heating unit.  

The thermochromic properties of the film were determined in accordance with the 

method previously described in section 2.1.2.1. 

The surface morphologies of the films were determined by Scanning Electron 

Microscopy (SEM) using a JEOL JSM-6700F (3 KV). X-Ray diffraction was performed 

on Bruker D8 Discover Lynxeye diffractometer using primary monochromated Cu K1 

radiation ( = 1,5406 Å). X-ray photoelectron spectroscopy (XPS) was carried out on thin 

films using a Thermo Scientific K-alpha spectrometer with monochromated Al Kα 

radiation, a dual beam charge compensation system and constant pass energy of 50 eV 

Reactor  

Temperature 
550°C 

Plain Lines 

Pressure 
23.2 L.min-1 

VCl4 Bubbler 

Pressure - Temperature 
0.80 L.min-1 – 40 °C 

EtAc Bubbler 

Pressure - Temperature 
0.06 L.min-1 - 30°C 

Deposition Time 1 minute 
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(spot size 400 μm). Spectra were recorded from 0 to 1200 eV. The roughness 

measurements were performed on a Nanosurf easy scan AFM, using a 10-µm tip in non-

contact mode with an oscillating probe. Scan areas were 5 x 5 µm2 with 20-nm scan 

intervals. Raman spectroscopy was performed on the VO2 films using a Renishaw 1000 

spectrometer equipped with a 633 nm laser. The adhesion of the thin films to the 

substrate was tested via the Scotch tape 127.  

 

2.2.3. Results and Discussion 

 
The as-formed multilayers are shown in Figure 28. The typical gold-brownish VO2 

film colour was not affected by the underneath metal oxide buffer layers, and was 

observed for all samples. Nonetheless, some differences could be seen in samples’ 

transparency. The samples were placed on a sheet with the UCL logo printed on it and 

some writing. Clearer details were observed through the films deposited on SnO2 and 

ZrO2 buffer layers. All samples passed the Scotch tape test – demonstrating the good 

adhesion of the top film to buffer layers. 
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Figure 28: Photo of the as-deposited thermochromic multilayers. Each sample consisted of a 
single VO2(M) layer deposited on a buffer layer by APCVD at 550°C. The buffer layers in order 
(bottom to top) were Ta2O5, ZnO, SnO2, ZrO2, FTO, and Nb2O5. The substrate used for all 
samples was a SiO2 barrier coated float glass. 

 
The X-ray diffraction (XRD) measurements confirmed the deposition of VO2(M) 

films (ICSD code collection 33034) as the top layer for all samples (Fig. 29). The other 

peaks could be attributed to the buffer layer underneath the VO2(M) film. The multilayer 
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VO2/ZrO2 XRD pattern showed one peak (31.5°) that did not match the monoclinic phase 

of VO2, neither the cubic phase of ZrO2. This peak could be attributed to the monoclinic 

phase ZrO2 (ICSD code collection 18190) – suggesting that the buffer layer was a 

mixture of cubic/monoclinic phases. No additional phases could be observed for the 

other samples. Only the multilayer VO2/Nb2O5 XRD pattern did not show any presence 

of VO2(M), instead the peaks only matched the orthorhombic phase of Nb2O5. This could 

be due to the strong diffraction features of the buffer layer overlapping the VO2 diffraction 

pattern. Preferential orientation along the (21-1) plan was observed for the VO2(M) film 

deposited on FTO buffer layer. The VO2/ZnO multilayers showed a XRD pattern with a 

noisy background and broad diffraction peaks - suggesting that the VO2 layer was poorly 

crystallized.  
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Figure 29: XRD patterns of a 100 nm thick VO2 layer grown on different buffer layers. 
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  X-ray photoloelectron spectroscopy (XPS) was performed, on the VO2 top layers, 

to measure: (i) the oxidation state of the vanadium element, and (ii) the atomic 

concentration of the dopant. The results were illustrated in Figure 30.  

 The VO2(M) film reference showed a V4+ : V5+ ions ratio around 30 : 70, which 

correspond to the typical ratio observed for pristine VO2 158.  The high amount of V5+ ions 

is due to the formation of V2O5 - at the extreme surface - when VO2 is in contact with air. 

The V2O5 act as a protective layer by preventing further oxidation of the VO2 bulk when 

the film is in presence of oxygen 159. Furthermore, VO2 Depth profile carried out on the 

VO2/Ta2O5 and VO2/SnO2 multilayers confirmed the presence of V2O5 only at the 

extreme surface. Both multilayers showed a decrease of the V5+ ions (simultaneous 

increase of V4+ ions) as the sputter time was longer. The buffer layers showed to have a 

positive or negative impact – depending of the metal oxide - on the V4+ : V5+ ratio (Fig. 

30). A similar ratio to the reference was observed when VO2 was deposited on ZrO2 and 

FTO buffer layers. A higher amount of V4+ ions, at the VO2 films surface, was determined 

for the films grown onto Ta2O5, ZnO and Nb2O5 buffer layers. Conversely, the VO2 layer 

deposited on SnO2 showed the highest amount of V5+ ions. Considering that all VO2 

layers were grown with the same experimental conditions – and therefore have similar 

thicknesses – there are clear indications that buffer layers had an impact on the VO2 film 

oxidation. Such observations has to be emphasized as oxidation of VO2 films is a 

challenging issue 160. VO2 films undergo oxidation in presence of oxygen – gradually 

transforming to V2O5, its thermodynamically stable phases 113. As mentioned above, the 

presence of V2O5 at the VO2 films surface offers protective properties against further 

oxidation, but are limited in the time (few years). Although V2O5 films are thermochromic, 

they do not display optical changes near room temperature unlike VO2 materials. As a 

result, a high presence of V2O5 causes performance deficiencies of the VO2 films. 

Tackling this issue has, thus, become necessary to maintain long-term thermochromic 

properties of VO2 coatings for commercial fenestration applications. An effective 

approach of preventing VO2 films degradations is to introduce a protective layer such as 

Al2O3 161. Their protection against oxidation was demonstrated in tough environment – 
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i.e. high temperature and humidity 160. However, the films thermochromic properties were 

diminished after 20 days of durability test. Enhancing oxidation resistance of the films by 

introducing a template is, therefore, an interesting approach, which could be coupled 

with a protective top layer to guarantee the thermochromic properties in long term.  

 A diffusion of the chemical elements, contained in the buffer layer, to the top VO2 

layer was observed for all samples (Fig. 30). The dopant atomic concentration measured 

at the surface of each VO2 layer ranged between 1 - 4.1%. This concentration reached 

46 and 62% for the VO2 film deposited on SnO2 and Nb2O5, respectively. It is unusual to 

observe such high dopant concentrations, whether it is in a controlled doping experiment 

or from an unexpected element diffusion. For instance, doped VO2 materials contain 

usually a maximum dopant concentration of 15% 105,84,162. Whereas, a lower dopant 

concentration is observed when an element diffusion occurred. A typical element 

diffusion is observed when VO2 film is deposited on soda lime glass substrate. The Na+ 

ions contained in the substrate diffuse into the above VO2 layer during the deposition, 

and produce a Na-doped VO2 film with ca. 2% Na+ ions concentration 163. As a result, 

the high Sn4+ and Nb5+ ion concentrations, here, could suggest the presence of pin-holes 

in the VO2 films or the existence of a phase separation. Pinhole defects were observed 

in the VO2/SnO2 and VO2/Nb2O5 samples by eye and with an optical microscope. 

 

Figure 30: X-ray photoelectron spectroscopy of the samples’ VO2 top layer. Depth profile of the 
multilayers VO2/Ta2O5 and VO2/SnO2. 
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Table  11: Si : V ratios of the samples’ VO2 top layer. Calculated from the XPS survey.  

Samples Si : V ratios 

VO2 (Ref)  86 : 14 

VO2/Ta2O5  46 : 54 

VO2/ZnO  24 : 76 

VO2/SnO2  30 : 70 

VO2/ZrO2  95 : 5 

VO2/FTO  20 : 80 

VO2/Nb2O5  72 : 28 

 

Raman spectroscopy is a phase identification spectroscopic technique, 

complementary to XRD 164. It has a higher surface sensitivity than XRD, which allow the 

determination of the phases present in the thin film. The Raman bands are sensitive to 

the chemical bond strength between atoms, and therefore a change in the bond type can 

induce band shifts 165. Consequently, Raman spectrum is helpful for differentiate phase 

separations from solid solutions as well as for indicating V4+ substitutions in the VO2 

lattice 165,30. In order to analyze any possible phase separations for the high dopant 

concentration samples, Raman measurements were performed and the spectra were 

illustrated in Figure 31. The room temperature Raman spectrum of the VO2 reference 

sample, deposited by APCVD, showed Raman bands at 142, 193, 223, 260, 308, 338, 

389, 498 and 612 cm-1. These bands can be assigned to the monoclinic phase VO2(M) 

within ± 2 cm-1 29,166,167. The peaks at 193 and 223 cm-1 are attributed to the V-V bond 

vibrations, whilst the other peaks correspond to the V-O bond vibrations 168. 
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Figure 31: Room temperature Raman spectrum of a VO2 film (ca. 100 nm) deposited on glass 
substrate by APCVD. 

 
  The VO2/Nb2O5 multilayer Raman spectrum displayed same Raman shift values 

(± 0.2 cm-1) than the reference – indicating the presence of VO2(M) (Fig. 32). The latter 

confirmed the successful deposition of a VO2(M) layer on Nb2O5, which was not 

previously identified by XRD. The VO2(M) bands, however, underwent a broadening – 

causing the disappearance of the bands 143 and 260 cm-1. This suggested the presence 

of stress in the VO2 layer 165. In addition, it was possible to observe the shift of few bands, 

from 497 to 491 cm-1, and from 610 to 614 cm-1. Considering the ions radius of Nb5+ (0.78 

Å) being slightly larger than V4+ (0.72 Å), the shift and the broadening could be the result 

of V4+ substitutions - creating stress in the film. It is also important to note that 

strain/stress and defects induced by the underneath layer (Nb2O5) can cause bands to 

shift 169. The Raman spectrum also showed three emerging bands, 127, 440 and 692 

cm-1, which could not be attributed to VO2(M). The Raman shift value at 127 cm-1 was 

assigned to the amorphous Nb2O5 170. This band corresponded to the octahedron NbO6 

vibrations 171,172. The band at 692 cm-1 was attributed to T-Nb2O5 phase 173,174. 
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Niobium(V) oxide has several polymorphs including T-Nb2O5 phase, which corresponds 

to Nb2O5 with orthorhombic crystalline structure 175. The Nb2O5 buffer layer in this work 

was deposited in the T-Nb2O5 phase. Finally, the Raman shift value at 692 cm-1 was 

attributed to the Nb-O stretching mode of the T-Nb2O5 171,172. The VO2/Nb2O5 Raman 

spectrum indicated the presence of VO2(M) as well as Nb2O5, and therefore 

demonstrated the formation of a phase separation. The last emerging band identified at 

440 cm-1 can be attributed to the triclinic VO2 phase, T-VO2, and can also indicates the 

presence of stress in the film 165. Several VO2 phases, described in the introduction 

chapter (cf. Chapter 1), have been identified including Monoclinic M1 and Rutile R VO2 

phases - being the most widely studied. The T- and M2- VO2 phases had recently 

attracted interests as they give a better understanding of the metal-insulator transition 

(MIT) mechanism occurring in VO2 materials 34,176. Both phases occurred between M1 

and R phases, i.e. before M1 phase undergoes structural change at the typical 

temperature of 68°C and transform into Rutile phase. T-VO2 is a continuous distortion of  

M1, and occurred before M2 phase in which a change in lattice is observed 168. The T-

VO2 phase can be stabilised by dopants 177 or strain effect 168,176. 

 The VO2/SnO2 multilayer Raman spectrum showed only bands belonging to the 

monoclinic VO2 phase (Fig. 32). The most intense band associated to the tetragonal 

SnO2 phase, 638 cm-1, was not observed in the spectrum. Therefore, the high Sn4+ ions 

concentration, observed in XPS, could originate from the presence of pin-holes in the 

VO2 over layer.  
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Figure 32: Raman spectra of the VO2/SnO2 and VO2/Nb2O5 multilayers. 

 
 The morphology of the VO2 layers was analysed using scanning electron 

miscroscopy (SEM). The SEM images of the multilayers are shown in Figure 33. The 

first observation indicated differences, in terms of structure and grain sizes, between the 

samples. The VO2 film reference showed round-like particles shape, which is a common 

morphology observed for single VO2 films 158. The same morphology was observed for 

the VO2 film grown on Ta2O5, ZrO2 and FTO buffer layers – demonstrating that these 

specific metal oxides did not affect the VO2 structure throughout the deposition. The 

average grain sizes of VO2/Ta2O5, however, were much smaller (ca. 24 nm) than the 

reference sample (ca. 71 nm). Whereas, the VO2 film grown on ZrO2 and FTO showed 

slightly higher average grain sizes than the reference. The film deposited on ZnO buffer 

layer had rod-like shape particles. The latter can also be observed in small amount in 

VO2/Nb2O5 multilayer. A mixture of two different grain sizes, 264 nm and 71 nm, was 

observed for the VO2/SnO2 multilayer. This effect was also observed with Nb2O5 buffer 

layer. The VO2 samples, deposited in the same experimental conditions, revealed a 

change in both morphology and grain sizes - highlighting the impact that buffer layers 

had on those specific features. Such differences could have a certain effect on the 

multilayers functional properties 45. 
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Figure 33: SEM images for VO2 film deposited on different templates A/ Glass (Ref) B/ Ta2O5 
C/ ZnO D/ TO E/ ZrO2 F/ FTO and G/ Nb2O5. 

Table  12: Average grain sizes of the VO2 top layer. 

SAMPLES VO2 TA2O5 ZNO SNO2 ZRO2 FTO NB2O5 

 

GRAIN SIZES 

(nm) 

71 24 300 264/71 119 214 167 

 

Further surface analysis was carried out using atomic force microscopy (AFM). 

The average surface roughness (root-mean-square, RMS) was measured and presented 

in Figure 34. The reference sample had a relatively smooth surface with an average 

RMS value of ca. 5 nm – similar to VO2 films deposited by ALD (ca. 3 nm) 178 and 

smoother than VO2 films grown by magnetron sputtering (ca. 12 nm) 139. It is important 

to specify that ALD and magnetron sputtering are two deposition techniques well known 

for producing smooth surface 179. This mainly due to the depositions being performed 

under vacuum – enabling impurities control and therefore increasing adatoms mobility; 

and to their slow growth rate - reducing island growth mechanism 180.  
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A significant increase of the average surface roughness can be observed when 

VO2 was deposited on ZnO, SnO2 and Nb2O5. This coincide with the SEM images, which 

showed a higher grain sizes and different morphologies for these templates. The other 

samples had a similar surface roughness to the reference, and the slight variations 

observed could be due to the buffer layers having different surface roughness. 

 

Figure 34: Average surface roughness (RMS) of VO2 films deposited by APCVD on different 
buffer layers. 

The thermochromic properties were determined by recording samples’ 

transmittance spectra using UV-Vis spectroscopy in the UV-Vis-NIR regions. The 

spectra are shown in Figure 35. All samples displayed thermochomic properties, which 

were recognizable by the transmittance switch occurring in the NIR region. After being 

heated, the samples were allowed to cool to room temperature. The transmittance 
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showed then a return to its initial state (green dash-doted line) – indicating the 

reversibility of the material properties (Fig. 35).  

 

Figure 35: UV-Vis-NIR spectra of the thermochromic multilayers. Transmittance measured at 
different temperature as function of wavelength. The heating samples holder was set up at 30°C 
(cold state), then 90°C (hot state), and was allowed to cool down to 30°C (cold state repeated) 
before recording the last measurement. 

 

The solar modulations ∆TSOL and ∆TIR were both calculated by extracting the data 

from the transmittance spectra. The same method was used to calculate the visible light 

transmittance TLUM. As previously stated, ∆TIR is less commonly used as ∆TSOL to indicate 

the solar modulation efficiency. The difference lies in the wavelength range selected for 

the calculations - ∆TSOL is calculated from 350 to 2500 nm and ∆TIR from 750 to 2500 nm. 

That is to say, ∆TSOL shows the modulation in Vis-NIR regions while ∆TIR considers only 

the NIR region. ∆TIR has been added for giving a more accurate representation of the 

material’s ability to modulate the infrared as function of the temperature as it only takes 

into account the NIR region.  
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The solar modulation and visible light transmittance reference values have been 

previously calculated and are shown in the table below. The table shows the expected 

values for the synthesis of a single VO2 layer (ca. 100 nm) by APCVD, which corresponds 

to ∆TSOL ~ 5.04 ± 0.53% (cf. section 2.1.3.6). This latter is in line with the typical ∆TSOL 

observed for single VO2 layer in the literature (~5%) 181. 

Table  13: Solar modulation and light transmittance reference values for a 100-nm thick VO2 
single layer deposited on glass by APCVD. 

OPTICAL VALUES ∆TSOL ∆TIR TLUM(25) TLUM(90) 

 

Single VO2 layer of ca. 100 

nm (%) 

5.04 ± 0.53 11.07 ± 0.65 33 ± 4 36 ± 5 

 

The optical properties of the multilayers were illustrated in Figure 36 and Table 

14 and compared to the reference values (Table 13). The best solar modulation was 

achieved by VO2 deposited on Ta2O5 (∆TSOL ~ 6.3%) – resulting in a 36% increase of 

∆TSOL and a 20% increase of ∆TIR compare to the reference.  It is important to note that 

the standard error on the solar modulation of a single VO2 layer (ca. 100 nm) is 

approximatively 11%. This confirmed the positive effect that Ta2O5 had on ∆TSOL. In 

contrast, ZnO and SnO2 had a negative effect on ∆TSOL (ca. 2.5%), resulting in a 46% 

decrease of the value for both buffer layers. The FTO and ZrO2 buffer layers did not 

affect ∆TSOL and showed the expected solar modulation of 4.1 and 4.3%, respectively. 

Although the buffer layer Ta2O5 showed the best ∆TSOL, it has the lowest visible 

light transmittance (TLUM) along with the ZnO template, with an average of 29% and 30%, 

respectively. The Nb2O5 and SnO2 templates showed the best TLUM, ca. 54% and ca. 

64%, respectively. Furthermore, FTO and ZrO2 templates, which did not demonstrate 

any effect on solar modulation, did not show any change on the visible light 

transmittance. They both showed a TLUM of 39% which in accordance with the reference. 

The best solar modulation was achieved when growing VO2 film on Ta2O5 buffer 

layer. This result is consistent with the previous XPS analysis, which showed a higher 

resistance of the VO2 layer to oxidation. As a result, the sample would have a higher 

proportion of VO2, and therefore a stronger interaction with NIR wavelengths, which 
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ensured the optimal thermochromic properties of the multilayer. In contrast, the VO2 layer 

deposited on SnO2, which showed the highest oxidation level in XPS, had one of the 

worst solar modulation. A recent study highlighted the oxidation effect that SnO2 

substrates caused to VO2 films 182. They compared a VO2 film deposited on glass 

substrate from another one deposited on SnO2 substrate. Although the XPS indicated 

similar amounts of V5+ ions in both films, the XANES analysis, which give bulk 

information, showed a higher oxidation for the VO2 layer grown on SnO2 substrate. As a 

result, the latter showed a less pronounced thermochromic response. This was attributed 

to the electronic properties of the substrate causing a higher oxidation of VO2. Similarly, 

a poor solar modulation was observed for the VO2/ZnO and the VO2/Nb2O5 multilayers. 

In the former case, the low IR modulation efficiency can be attributed to the poor 

crystallinity of the VO2 top layer. It has been demonstrated that poor VO2 crystallinity 

resulted in low solar modulation 158. On the other hand, the low ΔTSOL observed for 

VO2/Nb2O5 multilayer could be due to the formation of the composite VO2 : Nb2O5 – 

affecting the solar modulation. 

A significant increase of the light transmittance was observed when VO2 was 

grown on SnO2 and Nb2O5. The highest TLUM value was achieved by the VO2/Nb2O5 

multilayer (TLUM ~ 64%) whilst the VO2/SnO2 multilayer had a visible light transmittance 

of ca. 54%. Both multilayers provide a visible light transmittance higher than most 

commercial windows (TLUM ~ 45-55%) 158. This could be due to the reduction of the 

refractive index gap between the substrate and the VO2 layer – resulting in a decrease 

of the visible light reflectivity. It supports further studies demonstrating that gradually 

reducing the refractive index via multilayers-stack and nanostructured surface improve 

the visible light transmittance 153,154. In addition, the VO2/SnO2 multilayer having a slight 

different colour than other samples might suggest that SnO2 influences the VO2 band 

gap. Finally, the minimum reflection that a coated substrate can reached is given by the 

following equation 183,184:  

𝑅𝑚 = (
𝑛𝑐

2−𝑛0𝑛𝑠

𝑛𝑐
2+𝑛0𝑛𝑠

)
2

  (1) 
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Where, nC, n0 and ns are the refractive index of the top coating, the air and the substrate, 

respectively. From the equation (2), it is possible to estimate the refractive index of an 

optimal coating to suppress the reflection i.e. Rm ~ 0. It is given by the following equation 

185: 

𝐧𝐜 = √𝐧𝟎𝐧𝐬   (2) 

This is only for a substrate coated with one layer. For a stack consisted of two layers 

deposited on a substrate, the equation given in (2) above becomes 186:  

𝒏𝟑𝒏𝒔
𝟐 = 𝒏𝟎𝒏𝟐

𝟐  (3) 

Where, n0, n2, n3 and nS are the refractive index of the air, the middle layer, the top 

coating and the substrate, respectively. As a result, a VO2-based stack consisted of a 

single VO2(M) layer (n2 ~ 2.8) and a barrier glass substrate (nS ~ 1.46), will need a buffer 

layer with a refractive index of nC ~ 3.38 to have an approximate reflection Rm close to 

0%. Among the six buffer layers tried in this study, Nb2O5 and SnO2 layers had the 

highest refractive index, ca. 2.3 and 2.2, respectively 187,188. This could be a 

supplementary proposition to outline the higher TLUM reached for the VO2 films deposited 

on Nb2O5 and SnO2 buffer layers. Nonetheless, these equations can be used only for 

rough refractive index estimations in this study as they are intended for non-absorbing 

materials only, i.e. fully transparent such as soda-lime glass. Monoclinic VO2 film are 

slightly absorbing which can be seen through their gold-brownish characteristic colour. 

Thus, a glass substrate coated with a VO2 film (in air) would have a Rm ~ 47 % according 

to the equation (1). This is in contrast with a study which showed that a single VO2 layer 

showed a reflectance of ~ 26% 183 as VO2 is also absorbing some light. Furthermore, 

these equations are only for specific thicknesses, which are a quarter-wavelength-thick 

films 189.  

The other multilayers did not show any improvements of the TLUM and were 

comparable to the reference (TLUM ~ 39%). Nevertheless, a slightly lower TLUM was 

displayed for the VO2/Ta2O5 (TLUM ~ 30%) and VO2/ZnO (TLUM ~ 31%) multilayers. 

Considering the standard error on TLUM being 4-5%, it is difficult to establish, with 
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certainty, the potential contribution that both buffer layers could have had on visible light 

transmittance.  

Table  14: Optical values for VO2-based multi-layers samples. 

Samples TLUM(25) TLUM(90) TSOL(25) TSOL(90) ∆TSOL ∆TIR 

Single-

layer VO2 

(Ref) 

38 39 43 39 4.7 10.6 

VO2/Ta2O5 29 30 37 31 6.3 12.7 

VO2/ZnO 29 31 32 29 2.5 6.7 

VO2/SnO2 51 54 56 53 2.5 7.3 

VO2/FTO 37 39 38 34 4.1 8.6 

VO2/ZrO2 37 39 37 33 4.3 9.2 

VO2/Nb2O5 63 64 58 57 1.8 2.3 

 

 

Figure 36: Optical properties of the multilayers. 

 
2.2.4. Conclusion 

 
 Monoclinic vanadium(IV) oxide have been successfully deposited by APCVD on 

different buffer layers including Ta2O5, ZnO, SnO2, ZrO2, FTO and Nb2O5. All multilayers 

had the typical gold-brownish colour of VO2(M) films, and showed a good adhesion to 

the substrate. The buffer layers had an impact on the oxidation of the VO2 top layer. 

Ta2O5 template improved the oxidation resistance of VO2 – resulting in optimal 

thermochromic properties with the highest solar modulation among all samples. ZnO 

also showed a favourable effect for preventing VO2 oxidation. However, ZnO affected 

the VO2 crystallinity and morphology, which had a negative impact on VO2 functional 

properties. As a result, the VO2/ZnO multilayer had one of the lowest thermochromic 
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performance. In contrast, SnO2 increased the oxidation of the VO2 layer, which had the 

highest amount of V2O5, and therefore had low thermochromic properties. Nonetheless, 

the VO2/SnO2 multilayer showed high visible light transmittance, ca. 54%, which is in line 

with commercial windows. The VO2 deposition on Nb2O5 was the only sample that 

transformed into a composite, which dramatically affected the solar modulation. 

However, the VO2 : Nb2O5 composite had the highest visible light transmittance, ca. 64%. 

Further work such as bulk analysis (XANES, EXAFS…) could be considered for a better 

understanding of the interface interaction between the buffer layer and the VO2 film. This 

could help to do pre-screening of ‘ideal’ buffer layers. Furthermore, computer simulations 

could be useful to determine specific multilayers-stack - containing different refractive 

index layers - with the aim to increase light transmittance by reducing the visible light 

absorption/reflection caused by the VO2 film. Finally, doping the VO2 layer could add 

further improvements of the stack thermochromic performance. It has been shown that 

tungsten (W6+ions) was an interesting dopant for reducing the MIT temperature of 

VO2(M) materials. To do so, aerosol-assisted chemical vapour deposition (AACVD) 

showed to be an ideal deposition process for producing doped-VO2 films. Unlike, 

APCVD, AACVD does not require heat to generate gaseous precursors, and therefore, 

has a broader range of dopant that can be used. The following chapter presents the use 

of AACVD to produce monoclinic VO2 films
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3. Synthesis of Vanadium oxide thin films by Aerosol-

Assisted Chemical Vapour Deposition (AACVD)  

3.1. Deposition of VO2(M) f ilms by aerosol-assisted 

chemical vapour deposition  

3.1.1. Introduction 

Assisted chemical vapour deposition (AACVD), unlike APCVD, does not require 

heat to produce gaseous precursors. Instead, the precursor turns into an aerosol, also 

called ‘mist’, by using an ultrasonic humidifier that contained a piezoelectric material. As 

a consequence, precursors that have a high vapour pressure, indispensable for APCVD, 

are no longer required for AACVD. Therefore, a wider range of precursors, especially 

those not suitable for APCVD due to low volatility, can be used in AACVD process. This 

specific AACVD feature makes the process more cost-effective than APCVD due to the 

heat reduction. In addition, this feature offers a great advantage for VO2 doping study as 

a wider range of dopants are available. 

Doping of VO2 thin films is a promising approach that has been widely studied, 

especially for reducing Tc of VO2(M) films, but also for improving their optical properties. 

A decrease in Tc has been observed when using dopants from 2nd and 3rd row transition 

metals with high valence cations such as W6+ or Nb5+ 100. Doping with 1st row transition 

metals with low valence cations, such as Ti2+ or Cr3+, results in an increase of Tc. Doping 

VO2 films by APCVD can be more challenging than AACVD as it requires suitable 

precursors, i.e. a precursor that have a high vapour pressure. For instance, the synthesis 

of W-doped VO2 film by APCVD could be achieved using a limited range of dopants. The 

literature reported tungsten(VI) ethoxide [W(OC2H5)6] and tungsten(VI) chloride [WCl6] 

as suitable dopants. Although both dopants had an appropriate vapour pressure to be 

use in APCVD, they required significant heat (c.a. 130°C - 190°C) for doping the film 

29,60. As for APCVD, tungsten(V) ethoxide was also used as a dopant in the AACVD 

process 84. However, no heat was required to produce vapour; Instead, the tungsten 

source was added to the precursor solution. This allowed a greater freedom given to the 
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choice of tungsten concentration in the solution, and therefore a better control of the 

proportion of tungsten doped into the structure. As a result, a higher decrease of Tc was 

observed when W-VO2 films was synthesised by AACVD than APCVD using the same 

tungsten dopant source 29,84. This was attributed to a higher percentage of tungsten in 

the film deposited by AACVD 30. Niobium(V) ethoxide has also been used as precursor 

for Nb-doped VO2 via AACVD 85. The Tc was reduced to 37 °C with 3.7% of niobium into 

the VO2 thin film. As with the W-VO2 previous example, the Nb-VO2 thin films did not 

show such low Tc when they were produced by APCVD. That was due to the APCVD 

process not being able to incorporate high concentrations of niobium into the films, with 

the maximum percentage doping being 0.44% and resulting in Tc of c.a. 55 °C 190. 

Moreover, APCVD uses separate receptacles, unlike AACVD where all chemical 

compounds are mixed together and contained in one flask. Therefore, the introduction 

of dopants in APCVD can result in a lack of space and restricted doping options. One 

final important point concerns the usual use of hazardous chemical compound such as 

vanadium(IV) chloride, which requires careful use, to synthesis VO2 by APCVD. The 

precursor used for AACVD has the advantages to be less hazardous and less air 

sensitive.  

Among all the vanadium sources used for AACVD, [VO(acac)2] is the most used 

in association with a solvent to synthesise VO2 191. Some other precursors such as 

[V(acac)3], [{VOCl2(CH2(COOEt)2)}4] were used to successfully deposited VO2(M) by 

AACVD 83,192,193. Precursor solution often contained a solvent, which can have a major 

impact on the oxidation state as well as on the phase of the deposited film. Piccirillo et 

al. 83 was able to synthesised various vanadium oxides including VO2, V2O3 and V2O5 by 

varying the solvent used in the precursor solution. They also showed that some solvents 

such as acetonitrile, acetone, and ethyl acetate resulted in films with high carbon 

contamination.  

Vandium β-diketonates precursors such as [VO(acac)2] are commonly used to 

synthesise vanadium oxide by AACVD. They are preferred over vanadium alkoxide due 

to their higher chemical and thermal stability – requiring less handling care and resulting 
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in an easier storage 194,195. They also result in a high carbon contamination, which affect 

the optical and functional properties of VO2 films 196. Vanadium alkoxide, in contrast, 

usually have a higher solubility than β-diketonates, which is an attractive feature for 

AACVD. Vanadium(IV) alkoxide [V(OBut)4] was recently proposed as a suitable 

precursor for CVD process due to its preferred oxidation state (+4) as well as preformed 

V-O bonds 196. The single-source precursor formed a VO2(M) film by vapour phase 

decomposition at 500-800°C, under vacuum. To the best of our knowledge, the use of 

this precursor in AACVD was not reported in the literature.  

In this section, the synthesis of monoclinic VO2 films by AACVD using [V(OBut)4] 

as a precursor is described. The influence of the solvents - on the phase and oxidation 

state – was investigated on the deposited films. In addition, variation of the AACVD 

parameters was studied and the influence it had on the films were discussed. 

 

3.1.2. Experimental  

3.1.2.1. Aerosol Assisted Chemical Vapour Deposition (AACVD) 

System 

The AACVD setup, used in this report, is schematically illustrated below (Fig. 37). 

The precursor solution was contained in a glass Schlenk flask which is surrounded by 

an ultrasonic humidifier. The reactor consisted of a horizontal cold-wall quartz tube with 

a carbon block on which the substrate was laid. One Whatman heater cartridge was 

inserted into the carbon block for heating, and the temperature was controlled via two 

thermocouples inside the carbon block. All heaters were controlled by Eurotherm 

controllers and RS type k thermocouples. The laminar flow of the gaseous phase solution 

was ensured by a top plate placed above the substrate and the brass baffle at the 

entrance of the reactor. A Liquifog ultrasonic humidifier (from Johnson Matthey) was 

used to generate the aerosol. When the precursor ‘mist’ reached the reactor, a chemical 

reaction or decomposition of the gaseous phase precursor occurred onto the hot surface 

substrate – resulting in the growth of a thin film. The by-products caused by the reaction 

were directed to the exhaust.  
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A float glass pre-coated with a 50-nm SiO2 barrier (supplied by Pilkington, UK) 

was used as a substrate for all experiments. The dimensions of the glass substrate were 

15 x 3.5 cm2. Prior to deposition, the substrate was cleaned, in order, with acetone, 

propan-2-ol, soap and distilled water. Once the substrate was clean, it was inserted into 

the CVD chamber on the top of a carbon block, where it was heated and maintained at 

a given temperature. Once the given temperature was reached, the ultrasonic humidifier 

was turned on for creating an aerosol. The aerosol was sent to the reactor via a baffle to 

enable a laminar flow.  

After deposition, the humidifier was turned off, which caused the immediate end 

to the generation of the aerosol. All the heaters were turned off. All depositions were 

performed under a carrier gas which was either compressed air or nitrogen. Samples 

were removed from the reaction once the temperature was below 80 °C. Once the 

sample was removed from the reactor it was handled and stored in air. 

 

 

 

Figure 37: Schema of the aerosol assisted chemical vapour deposition rig. 

 
3.1.2.2. Synthesis of the AACVD precursor 

The precursor used for all AACVD experiments was a vanadium alkoxide precursor 

– [V(OBut)4] – synthesised in collaboration with Dr. Johannes Schlaefer within the UCL 

department of Electronic and Electrical Engineering. For synthesising the precursor, a 
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suspension of 9.831 g (62.5 mmol) of VCl3 in 80 mL tetrahydrofuran was heated to 70 

°C for 3 hours. This led to the formation of [VCl3(thf)3]. The reaction mixture was slowly 

added to a freshly prepared solution of LiOtBu (250 mmol) in 100 mL of n-hexane (25 

mL tert-butanol, 100 mL 2.5M n-BuLi). The colour of the solution turned from red to deep 

blue. After the addition of 11.803 g (62.5 mmol) of solid CuI the reaction mixture was 

heated to 100 °C for an additional 1-hour and was stirred at room temperature overnight. 

All volatiles were removed under reduced pressure and the crude product was purified 

by distillation at 80 – 100 °C (6 mbar, head temperature 48-52 °C). 14.534 g (42.3 mmol, 

68%) of the product was obtained as a blue oil (Fig. 38).  

HOtBu + nBuLi  → LiOtBu + nBuH                (1) 

VCl3 + CuI + 4 LiOtBu → [V(OBut)4] + 3 LiCl + LiI + Cu  (2) 

The 1H NMR spectrum of [V(OtBu)4] in benzene (Fig. 39) showed one broad resonance 

that correspond to the chemical equivalent hydrogen atoms of the tert-butoxo ligands. 

All other signals could be attributed to the solvent, free tert-butanol or silicon grease. 

 

Figure 38: Photo of the pure V(OBut)4 precursor. 
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Figure 39: 1H NMR spectrum of [V(OtBu)4] in C6D6. Recorded by Dr. Johannes Schläfer. 

 
 

3.1.2.3. Film analysis 

Optical transmittance of all samples were monitored on a Perkin Elmer Lambda 950 UV-

Vis-NIR spectrophotometer that was equipped with a homemade heating unit.  The 

thermochromic properties of the film were determined in accordance with the procedure 

detailed in Chapter 2 (cf. section 2.1.2.3.).  

The surface morphologies of the films were determined by Scanning Electron 

Microscopy (SEM) using a JEOL JSM-6700F (3 KV). X-Ray diffraction was performed 

on Bruker D8 Discover Lynxeye diffractometer using primary monochromated Cu K1 

radiation ( = 1,5406 Å). The adhesion of the thin films to the substrate was tested via 

the Scotch tape 127.  

 

3.1.3. Results and Discussion 

The aim of this section was to determine whether VO2(M) thin films can be 

synthesised by aerosol assisted chemical vapour deposition (AACVD) using 

vanadium(IV) alkoxide – [V(OBut)4] – as a precursor. For this study, a range of solvents 

was investigated in order to determine suitable precursor solutions for the intended film 
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deposition. The optimization of experimental conditions for depositing VO2 thin films was 

discussed. Finally, a summary of the overall AACVD depositions is presented in the table 

below: 

Table  15: Summary of the overall AACVD depositions using vanadium(IV) alkoxide as precursor 
in order to synthesise the aimed VO2(M) thin film. The carrier gas used for conducting the aerosol 
to the reactor was either nitrogen or compressed air. The depositions was carried out on float 
glass substrate pre-coated with a 50nm SiO2 barrier layer. 

Sample Solvent Ligand Carrier Gas 
Reactor 

Temperature 
(°C) 

Phase 
(determined by 

XRD) 

A1 
Toluene 

25mL 
- N2 550 amorphous 

A2 
Toluene 

25mL 
- N2 350 amorphous 

A3 
Toluene 

25mL 
- N2 250 amorphous 

A4 
Toluene 

25mL 
- N2 550 amorphous 

A5 
Toluene 

25mL 
acac N2 550 amorphous 

A6 
Toluene 

25mL 
dmap N2 550 amorphous 

A7 
Toluene/IPA 
15mL/10mL 

acac N2 550 amorphous 

A8 
Ethanol 
25mL 

dmap N2 550 V2O3(C) 

A9 
Ethanol 
25mL 

acac N2 550 V2O3(C) 

A10 
Ethanol 
25mL 

acac 
Compressed 

Air 
550 amorphous 

A11 
Methanol 

25mL 
acac N2 550 V2O3 

A12 
EtAc/EtOH 

12.5mL/12.5mL 
acac N2 550 amorphous 

A13 
EtAc/EtOH 

12.5mL/12.5mL 
acac 

Compressed 
Air 

550 VO2(M) 

 

3.1.3.1. Thin film Deposition – Initial experimental conditions 

The film deposition was performed from a precursor solution using toluene as a 

solvent and [V(OBut)4] as vanadium precursor. Toluene is a solvent commonly used in 

AACVD due its high solubility for a large range of precursors. In addition, it has a low 

vapour pressure as well as a low viscosity, which makes it an ‘ideal’ solvent for 

generating aerosol 81.  The deposition was carried out on float glass substrate pre-coated 

with a 50-nm SiO2 barrier layer. The substrate temperature was kept constant at 550 °C, 

and nitrogen was used as carrier gas. The initial experimental conditions were as follows: 
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Table  16: Initial experimental conditions for the synthesis of VO2 thin film by AACVD. 

Sample Precursor Solvent 
Carrier 

Gas 
Flow Rate 
(L min-1) 

Temperature 
Substrate (°C) 

Time 
Deposition 

(Min) 

A1 
V(OBut)4 

(0.3 mL) 

Toluene 
(25 mL) 

N2 1 550 30 

 

A dark film was deposited on a very small portion of the glass substrate as shown 

in Figure 40. The coated edge of the glass corresponded to the edge situated next to the 

gas inlet in the AACVD reactor. The sample was analysed by XRD and showed an 

amorphous film. In addition, the precursor solution colour changed during the first half of 

the deposition (after 10-15 minutes of deposition). The typical blue colour of the 

precursor solution turned into a black viscous liquid - suggesting the hydrolysis of the 

solution or other unwanted reactions. The top plate – positioned above the substrate in 

parallel - was covered by a black powdery film on its surface. It is fairly common in 

AACVD process to observe deposition on the top plate 197,198. It occurs when the 

homogeneous reaction outweighs the heterogeneous reaction, and thermophoresis 

forces are present. The homogeneous reaction causes particles formation in the gas 

phase. Then, the temperature gradient existing in the reactor, due to the temperature 

difference between the hot substrate and the cold top plate, causes thermophoresis 

forces. The latter will push the particles away from the substrate – resulting in a 

deposition on the top layer 199,200. Various causes can trigger particles formation such as 

non-suitable solvents, carrier gas containing reactive agents, and high temperature. In 

contrast, the thermophoresis effect is only caused by temperature gradient. 

Consequently, a decrease of the substrate temperature will result in the reduction or 

suppression of the thermophoresis forces. In this study, the temperature of the reactor 

was chosen based on the previous APCVD experimental conditions, which showed that 

550°C was the optimal temperature to synthesise VO2 thin film with good thermochromic 

properties.  
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Figure 40: Photo of the glass substrate after the initial experiment was performed by AACVD. 

 

The solution precursor and experimental conditions were changed in order to 

synthesise the intended VO2(M) thin film. The two different parameters studied were the 

temperature and the precursor solution stability. First, the temperature of the substrate 

was decreased to promote the heterogeneous reaction and reduce thermophoresis 

forces. Then, the precursor solution stability was reinforced to prevent hydrolysis on one 

hand, and on the other hand to promote the heterogeneous reactions by increasing its 

decomposition temperature. To achieve this, two different chelating ligands were used: 

the chelate ligand acetyl acetone (acacH) and the bidentate alcohol 1-Dimethylamino-2-

propanol (DMAP) (Fig. 41). These ligands chelate the metal ion and form a complex, 

which stabilizes the metal-organic compounds 201,202. Concomitantly, the experiment was 

slightly modified by slowly introducing the precursor solution in the flask with a syringe. 

This latter was implemented to avoid prolonged contact of the precursor solution with 

oxygen or residual water. The outcome of these experiments is summarized in the tables 

below (Tab. 17 and 18). 

 

 

Figure 41: Chelating ligands used to stabilize the precursor solution. 
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Table  17: Experimental conditions for AACVD with variations in temperature of the reactor. 
V(OBut)4 was used as precursor and toluene as solvent. The carrier gas was nitrogen at the flow 
rate of 1.5 L/min 

Sample 
T (°C) 

Substrate 

Phase 

(from XRD) 

A1 550 Amorphous 

A2 350 Amorphous 

A3 250 Amorphous 

 
Table  18: Experimental conditions for AACVD with addition of different ligands (described below 
in this report) in the precursor solution. V(OBut)4 was used as precursor and toluene as solvent. 
The temperature of the reactor was set at 550 °C, and the carrier gas was nitrogen at the flow 
rate of 1.5 L/min. 

Sample Ligand 
Phase 

(from XRD) 

A5 acacH Amorphous 

A6 dmap Amorphous 

 

 The substrate temperature set up at 550°C was consecutively reduced to 350 

and 250°C (Table 17). As seen in the Figure 42, the film depositions were affected by 

the change in the substrate temperature. The substrate coverage increases when the 

temperature was reduced from 550 to 250°C. This could be due to a slower reaction rate 

at lower temperature resulting in a better availability of the precursor. At a higher 

temperature, it is most likely that all the precursor reacts at the start of the glass substrate 

(mass transport limited), due to the faster reaction rate, resulting in a poor coverage. As 

mentioned earlier, it also could be due to the heterogeneous reactions being more 

favourable at lower temperature than homogeneous reactions. In addition, the lower 

temperature reduces the thermophoresis phenomenon. At high temperature, the 

precursor is more likely to decompose and form nanoparticles in the gas phase, than 

being adsorbed on the substrate surface 81. Depending on the experimental conditions, 

the as-formed particles can react in various ways, in the AACVD reactor. For instance, 

they can be adsorbed onto the substrate surface and act as nuclei to grow porous thin 

films. The particles can also be deposited on the substrate with a size from a nanometre 

to a micrometre. On the other hand, the particles can be subject to thermophoresis 

forces, which results in film deposition on the top plate 203. Therefore, it was possible to 

deposit a film with a good adhesion (pass the Scotch tape test) at 250°C. The XRD 
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analysis, however, showed the formation of an amorphous thin film. The temperature 

was likely too low for the film to crystallise in the monoclinic phase of VO2. At higher 

temperature, 350°C, there was an abrupt change of the substrate coverage. A film was 

deposited only on a small portion of the glass. This was most likely due to gas phase 

reactions and thermophoresis effects being more important at 350°C. The film was very 

dark and the XRD pattern only showed one peak at low angle (2θ ~ 24.5°) which does 

not enable phase identification. The same experiment at 350°C was repeated by 

introducing the precursor solution with a syringe. This was to avoid a prolonged contact 

of the precursor solution with any source of oxygen. In the standard set up (sample A1-

A2-A3), the precursor solution was contained in a flask, and signs of hydrolysis could be 

seen after 10-15 min of reaction. This was likely due to the carrier gas – nitrogen – 

containing residual amount of water. The injection of the precursor (sample A4) showed 

a suppression of the precursor solution hydrolysis. The XRD pattern of the film, however, 

was amorphous. This could highlight the need of a higher temperature for being able to 

produce crystallized films. According to previous studies, it was demonstrated that the 

ideal temperature to synthesise VO2(M) was above 450°C. At this temperature, however, 

the homogeneous reaction is the predominant for this precursor/solvent system 76. 

 

Figure 42: Deposition of a vanadium alkoxide precursor solution at different substrate 
temperature by AACVD. Toluene was used as a solvent for all samples. 

In order to maintain the high reactor temperature (550°C), to achieve good quality 

VO2(M) thin films, ligands were added to the precursor solution (Table 18). The chelating 

ligands were used to enhance the stability of the solution and increase the decomposition 

temperature of the precursor. Two types of ligands were used (Fig. 41): the chelate 

ligand acetyl acetone (acacH) and the bidentate alcohol 1-Dimethylamino-2-propanol 
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(DMAP). The role of these chelating ligands is to form a complex more stable than the 

precursor by replacing one or two of the OtBu ligands. Based on titanium alkoxide 

reactions, the formed complex could be [V(OtBu)2(acac)2] (Fig. 43). A proposed 

mechanism of the complex formation was shown in Figure 43. It has been demonstrated, 

for titanium compounds such as [Ti(OPri)4], the formation of the octahedrally coordinated 

[Ti(OPri)2(acac)2] complex upon reaction with acacH 204. Similarly, octahedrally 

coordinated titanium complex was observed when using dmap ligands 201,202. The higher 

stability provided by such complexes is attributed to the increase of the metal ion 

coordination, by the chelation. This has the effect of preventing oligomerisation, and 

therefore makes the complex less susceptible to hydrolysis 205.  

 

 
 

Figure 43: Vanadium complex obtained from adding chelating ligands (acac and dmap) to the 
vanadium alkoxide precursor. 

 

 
Figure 44: Thin films on barrier glass substrate deposited by AACVD at 550°C. Toluene was 
used as a solvent and vanadium alkoxide as precursor. A ligand was added in the precursor 
solution. 
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 As a first observation, the substrate coverage at 550°C is significantly higher 

when ligands are added to the precursor solution. Nonetheless, the solution containing 

dmap resulted in less prominent coverage. In spite of the coverage improvement, the 

XRD analysis showed the deposition of amorphous thin films. The thermal 

decomposition of [V(OBut)4] pure liquid was recently showed to produce VO2(M) film 196. 

The decomposition mechanism, however, is not well understood. Nonetheless, Graf et 

al.196 showed that a different pathway decomposition could occur by changing the 

solvent. They, thus, showed that [V(OBut)4] in the presence of methanol resulted in the 

deposition of a V2O3 film. Similarly, the decomposition of titanium alkoxide (titanium 

isopropoxide) into TiO2 was not observed in toluene at 300°C 206. It was found, instead, 

that solvent which can produce water facilitated the metal oxide formation 207. Takahashi 

et al.208 demonstrated that the thermal decomposition of titanium isopropoxide (TIP) was 

facilitated in presence of 2-propanol. This was due to the ability of the solvent to produce 

water by dehydration – resulting in the hydrolytic decomposition of the metal alkoxide 

209,210,211. The solvent could have an impact on the metal oxide formation by inducing 

change in the mechanism. As a result, various solvents were studied in order to synthesis 

VO2(M) by AACVD.  

 

3.1.3.1. Effect of the solvents on vanadium oxide film depositions by 

AACVD 

A range of solvent were tested to generate the precursor solution. All precursor 

solutions contained [V(OtBu)4] as the vanadium source, a chelating ligand for stabilizing 

the solution (dmap or acac), and a solvent. The solvents investigated in this study were 

toluene, isopropyl alcohol (IPA), ethanol (EtOH), methanol (MeOH) and ethyl acetate 

(EtAc). The deposition was carried out at 550°C, and a carrier gas (N2 or air) was used 

to conduct the aerosol towards the AACVD reactor. The resulting samples were 

summarized in the table below: 
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Table  19: The precursor solution used for the deposition was a mixture of V(OBut)4 precursor, 
with ligands and a solvent illustrated in the table. All the samples were deposited by AACVD at 
550°C. 

Sample Solvent Ligand Carrier Gas 
Phase (determined by 

XRD) 

A7 
Toluene/IPA 
15mL/10mL 

acac N2 amorphous 

A8 
Ethanol 
25mL 

dmap N2 V2O3(B) 

A9 
Ethanol 
25mL 

acac N2 V2O3(B) 

A10 
Ethanol 
25mL 

acac 
Compressed 

Air 
amorphous 

A11 
Methanol 

25mL 
acac N2 V2O3 

A12 
EtAc/EtOH 

12.5mL/12.5mL 
acac N2 amorphous 

A13 
EtAc/EtOH 

12.5mL/12.5mL 
acac 

Compressed 
Air 

VO2(M) 

 

The films produced with various solvents were illustrated in Figure 45. The films 

were characterized by XRD and the resulting XRD patterns were showed in Figure 46. 

We have previously demonstrated that toluene was not a suitable solvent to produce 

vanadium oxide films, from [V(OBut)4] precursor. A potential explanation could be that 

the hydrolysis of the vanadium alkoxide would be necessary to produce VO2. Several 

studies on titanium alkoxide precursors highlighted the potential need of the precursor 

hydrolysis in the decomposition mechanism for producing TiO2 – named hydrolytic 

decomposition 209,210,211,75. As a result, Isopropyl alcohol (IPA, C3H8O) was added to 

toluene in order to promote the hydrolytic decomposition of the vanadium alkoxide.  
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Figure 45: Picture representing the effect of various solvents on the film depositions and the 
crystalline phases. All samples were deposited by APCVD at 550°C. Samples A7-A11 were 
synthesised with N2 as carrier gas while sample A12 used compressed air. All precursor solutions 
used for the deposition contains the bidentate ligand acacH, except the sample A8 where the 
chelating ligand dmap was used. 

 
Figure 46: XRD patterns of thin films deposited by AACVD at 550°C from different precursor 
solutions. 

 

The as-formed film had a very poor adhesion to the substrate and was easily 

removable by wiping the surface with a tissue. Furthermore, the substrate was partially 

coated. The XRD analysis showed that the film was amorphous. Subsequently, a more 
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‘oxidizing’ solvent, ethanol (EtOH, C2H6O), was tested to form the precursor solution. In 

addition, the effects of the carrier gas and both chelating ligands, dmap and acac, were 

evaluated on the film deposition. 

The ethanolic precursor solution produced thin films with a good adhesion 

(passed scotch tape test) and full substrate coverage, when nitrogen was used as a 

carrier gas. Nevertheless, sample A9, where acac ligands were added to the solution, 

showed some delamination after a certain time; Unlike A10 where dmap ligands were 

used. The metastable V2O3 bixbyite structure was deposited by using ethanol, regardless 

of the chelating ligands used (Fig. 46). To the best of our knowledge, it is the first time 

V2O3 with bixbyite structure, V2O3(C), has been synthesised by AACVD, and produced 

as a thin film. This new route to produce V2O3(C) will be detailed later in this report (cf. 

section 3.2.). On the other hand, the synthesis of bixbyite-type V2O3 thin films indicated 

a reduction of the precursor during the deposition. The replacement of nitrogen by air as 

carrier gas led to thin film with a poor adhesion, but fully covering the substrate. The film, 

characterized by XRD, was shown to be amorphous.  

The methanolic precursor solution also resulted in full substrate coverage, and a 

film with good adhesion properties. The use of methanol as a solvent showed a reduction 

of the vanadium(IV) precursor, which resulted in the deposition of a V2O3 film with the 

thermodynamically stable corundum structure. 

The precursor solution containing a mixture of ethyl acetate and ethanol as 

solvents produced different thin films as function of the carrier gas nature. Nitrogen 

carrier gas resulted in a dark thin film with a good adhesion while the use of compressed 

air led to an extremely powdery film. The XRD analysis showed that the use of nitrogen 

as carrier gas led to an amorphous film, whereas VO2(M) film was achieved with 

compressed air. The VO2(M) XRD pattern showed a preferential orientation along the 

(011) plan.  

Among all the solvents used, only the mixture of EtAc/EtOH in the presence of 

air provided VO2(M). In contrast, V2O3 and the metastable phase V2O3(C) films were 

produced with methanol and ethanol, respectively. Methanol is an interesting solvent as 
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it has the ability to act as a reducing or oxidizing agent 212. It has been demonstrated that 

methanol, at high temperature and in the presence of a transition metal catalyst, can 

decompose in carbon dioxide and hydrogen 212. Similarly, vanadium(IV) ethoxide 

complex and methoxide complex, used as precursors for the synthesis of vanadium 

oxide, showed the formation of V2O3. This was attributed to the release of ethanol in situ– 

or methanol for the methoxide complex - during the decomposition process, which led to 

the reduction the vanadium(IV) precursor and the deposition of V2O3 film 196.  The 

solvents showed to affect the decomposition mechanism of the vanadium alkoxide – 

resulting in the synthesis of vanadium oxides with different phases and oxidation states. 

Similarly, the carrier gas was shown to influence the film depositions. Two different 

carrier gas were used to conduct the aerosol to the AACVD reactor: nitrogen and 

compressed air. VO2(M) was produced only when air was used as carrier gas. The use 

of nitrogen resulted in the deposition of an amorphous thin film. In comparison, the 

precursor solution containing ethanol produced an amorphous film in the presence of air, 

but a crystallised V2O3(C) film when nitrogen was used. This was rather surprising, as 

we could have expected to obtain VO2 in presence of air and ethanol. The differences 

observed in the deposition between the ethanolic solution and the EtAc/EtOH mixture 

solution lies in the solvent reactions in presence of air. The reactions of ethyl acetate in 

the presence of air at the given reactor temperature (550°C) could lead to oxidizing 

species, unlike ethanol. Evans et al.75 suggested that, at a temperature superior to 300°C 

and in the presence of air, ethyl acetate decomposed into in situ oxidizing species, while 

ethanol only underwent dehydration. Therefore, a potential explanation for the VO2 

deposition could be that EtAc is an in situ source of oxygen, unlike ethanol. The last key 

aspect of the VO2(M) film was its adhesion to the substrate - the as-deposited film was 

extremely powdery. However, the same precursor solution, led to an amorphous film with 

a good adhesion when nitrogen was used as a carrier gas. Similarly, the film synthesised 

from the ethanolic precursor solution and under nitrogen showed a good adhesion to the 

substrate. Although the ethanolic precursor solution deposited under air resulted in a film 

with a better adhesion than the EtAc/EtOH solution, the adhesion was still poor and the 
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film could have been removed by wiping the surface. A possible explanation for the 

differences observed as function of the carrier gas could be linked to the solvents heat 

of combustion. Tahir et al. 82 investigated the influence of two solvents (methanol and 

ethanol) on the synthesis ZnFe2O4 electrode by AACVD. They showed that gradually 

adding ethanol to the methanolic precursor solution was promoting homogenous 

reactions over heterogeneous reactions. They attributed this decomposition pathway 

shift to the enthalpy of combustion of the ethanol (-1277 kJ.mol-1) being two times higher 

than the methanol (-676 kJ.mol-1). Consequently, the higher ‘heat’ released by the 

ethanol combustion could have cause the precursor to react before being adsorbed to 

the surface substrate. In this study, among the range of solvents used for the 

experiments, ethyl acetate and toluene have the highest heat of combustion, -2238 and 

-3909 kJ.mol-1, respectively 213. The use of compressed air could potentially cause a 

partial combustion of the EtAc/EtOH mixture – promoting the homogeneous reaction. 

Although the decomposition pathway in AACVD reaction can be complex, the high heat 

of combustion of the ethyl acetate could partially explain the observed powdery VO2(M) 

film in presence of air. The combustion of the ethyl acetate is unlikely to occur when 

nitrogen is the carrier gas. On the contrary, we could suggest that the lower heat of 

combustion of the ethanol (two times less than EtAc), could explain the slightly better 

adhesion of the film deposited in presence of air. Nonetheless, AACVD reactions are 

complex, and using compressed air as a carrier gas could also result in a faster reaction 

of the precursor solution – leading to a higher gas phase reactions, and therefore 

powdery depositions. 

The surface morphology and the microstructure of the films were characterised 

by SEM and showed in Figure 47. The SEM images of samples A8, A9 and A11 

displayed homogenous and continuous morphology. Only sample A13 showed non-

homogeneous structure, and an uneven coverage of the substrate, where some portions 

had almost no materials (Fig. 47). Samples A8, A9 and A11 displayed round-like shapes 

morphology. A8 and A9 samples had similar grain sizes, while A11 showed a smaller 

grain size. The A13 sample comprised different types of morphology. Needle-like 
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morphology could be identified as one of them. This is in line with the assumptions that 

a higher gas phase reactions were observed when using EtAc/EtOH mixture as solvent 

and air as carrier gas. In such cases, when higher gas phase reactions occur, it was 

observed that the resulting particles adsorbed on the surface substrate, would 

preferentially grow through one crystal facet – leading to film with nanorod shapes 

structure 214. In addition, it has been demonstrated that homogeneous reactions in 

AACVD reactor were most likely leading to nanorods-like morphology 215. 

 
Figure 47: SEM images of crystalline thin films deposited by AACVD. 

The optical properties of sample A13 were characterised by UV-Vis-NIR 

spectroscopy. The spectrum was shown in Figure 48. The film displayed reversible 

thermochromic properties. However, the film revealed poor solar modulation ΔTSOL as 

well as a low ΔTIR - both being lower than 1%. This was most likely due to the partial 
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coverage of the substrate with an extremely powdery film. As a result, a reasonable 

visible light transmittance was observed, TLUM ~ 43%, for cold and hot state. This is 

slightly higher than TLUM, identified in chapter 2, for single VO2(M) film deposited by 

APCVD, TLUM ~ 33 ± 4 % (cold state) and 36 ± 5% (hot state).  

 
Figure 48: UV-Vis-NIR spectrum of the VO2(M) thermochromic film, A13. Transmittance 
measured at different temperature as function of wavelength. The heating samples holder was 
set up at 30°C (cold state), then 90°C (hot state), and was allowed to cool down to 30°C (cold 
state repeated) before recording the last measurement. 

 Thermochromic VO2(M) was synthesised using [V(OBut)4] as a precursor. The 

film presented an unusual morphology (nanorods), and was unevenly distributed on the 

surface. A common morphology observed for monoclinic VO2 films is round-like shapes 

structure. Nonetheless, needles-like shape morphology was also seen for VO2(M) films 

deposited by APCVD 74. This latter, however, was shown to exhibit lower thermochromic 

properties than round-like shape morphology 158. In this section, a very low solar 

modulation (<1%) was displayed by the deposited VO2(M) film. This could be attributed 

to a prominent presence of gas phase reactions, which could cause the unusual 

morphology observed and the low solar modulation.  

 

3.1.4. Conclusion 

 Monoclinic VO2, with reversible thermochromic properties, was achieved using a 

precursor solution comprised of [V(OBut)4] as vanadium precursor, EtAc/EtOH as 
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solvent, and a chelating ligand, by AACVD. The crystalline VO2(M) film was formed only 

in the presence of air. The latter is interesting since it is the first time that VO2(M) has 

been synthesised by AACVD with air as a carrier gas. So far, the literature have always 

reported the synthesis of VO2(M) by AACVD with N2 as carrier gas 83,85. As previously 

discussed in this section, [V(OBut)4] can also be used as a precursor to synthesise 

various vanadium oxides by AACVD such as: bixbyite-type V2O3, V2O3 and VO2(M). 

These results showed that the solvent choice was very important as it has a high impact 

on the phase synthesised. Thus, the synthesis of V2O3 films was possible by using 

methanol as solvent. On the other hand, the use of ethanol allowed us to produce 

bixbyite-type V2O3 films. To the best of our knowledge, this is the first time this material 

has been synthesised by AACVD in thin film form. Although the reactions occurring in 

the AACVD reactor are complex, we have identified few parameters that could affect 

them. Solvents showed to have an impact on the decomposition mechanism of the 

precursor. A reduction of the vanadium(IV) precursor was observed when methanol and 

ethanol were used as solvents. Furthermore, the solvents heat of combustion might have 

a certain role in the adhesion of the film to the substrate. It was observed that solvents 

with high heat of combustion resulted in films that were more powdery. Although the 

[V(OBut)4] showed to be a suitable precursor for the synthesis of VO2(M) by AACVD, the 

film displayed poor solar modulation (ΔTSOL < 1%). This was attributed to a high 

proportion of gas phase reactions in the AACVD reactor. Thus, for doping studies, further 

optimisations of the precursor solution could be consider.  

In the following section, we will use AACVD to synthesis bixbyite-type V2O3 films 

and investigate its functional properties. V2O3(C) was showed to have interesting 

properties for oxygen storage applications 35. 
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3.2. Deposition of bixbyite-type V2O3  fi lms by aerosol-

assisted chemical vapour deposition  

3.2.1. Introduction 

The multitude of phases and oxidation states of vanadium in its oxides have 

attracted considerable interest, which has consequently led to intensive research on its 

wide range of potential applications including their use as electrode materials in batteries 

216,217,218, gas sensors 219,220 and energy-efficient intelligent windows 115,221,74. To address 

the complexity of the vanadium-oxygen phase diagram, depicted by the large range of 

oxidations states and the different coordination environments that vanadium can adopt, 

a precise control of the experimental conditions is therefore required for ensuring the 

synthesis of the desired oxide 222. This is especially true given the ability of vanadium 

oxides to form metastable polymorphs and nonstoichiometric phases.  

Among the wide range of vanadium oxides, vanadium sesquioxide V2O3 

crystallizes in the corundum structure at room temperature, which is also described as a 

paramagnetic metallic phase. This particular phase has been widely studied, mainly for 

its insulator-to-metal transition which is accompanied by a shift from paramagnetic 

metallic phase (PM) to the antiferromagnetic insulator phase (AFI) 223. The phase 

transition occurs at Tc ~ -103 °C, from the metallic corundum phase (T>Tc; R 3̅c) to the 

insulating monoclinic phase (T<Tc; I 2/a) 32.  

Recently, Xu et al. 224 has reported a new metastable phase of vanadium 

sesquioxide. They identified V2O3(C) with an urchin-like morphology upon the thermal 

decomposition of vanadyl ethylene glycolate. This novel oxide, with the space group Ia3̅, 

was described as a distorted fluorite-like structure with oxygen deficiencies, where a 

quarter of the oxygen atoms were missing in the unit cell, and vanadium elements 

occupied a distorted octahedron VO6 (Fig. 49).  
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Figure 49: Bixbyite structure (left), and the fluorite structure (right) for comparison. The vanadium 
atoms are plain dark blue circles, the oxygen atoms are plain red circles, and the missing oxygen 
are open red circles.  

This new phase was subsequently identified as bixbyite-type V2O3, or V2O3(C). 

The latter structure is commonly adopted for M2O3-type oxides such as β-Fe2O3, α-In2O3, 

α-Mn2O3 and Y2O3. Since this recent discovery, the bixbyite-type V2O3 has been subject 

to several experimental 225,226,35 and theoretical 227,228,229,230 studies regarding its 

synthesis, structure and potential functional properties. Up to now, only two additional 

methods for the preparation of V2O3(C) have been described. In the same year of its 

initial discovery, Weber et al.226 reported the synthesis of V2O3(C) from the reaction 

between vanadium trifluoride (VF3) and water-saturated gaseous mixture of 10 vol.% of 

hydrogen in argon. Nonetheless, the synthesised material was not entirely pure and 

showed the presence of 20 wt.% of the corundum structure. Furthermore, they observed 

its oxidation into VO2 after being stored 3 weeks in air. In 2013, Bergerud et al. 225 

synthesised the pure bixbyite-type V2O3 via a colloidal method. The stability of the 

bixbyite phase over the corundum phase was attributed to the critical size of the 

nanocrystals, measuring 5 to 30 nm in diameter. In addition, the nanoparticles exhibited 

a higher oxidation resistance than the bulk material 35. Furthermore, the authors 

observed a change of the material crystal lattice when gradually heated in air, up to 

125°C. The change was accompanied by a weight gain from the TGA, which was 

attributed to an uptake of oxygen into the crystal lattice. They found that a critical 

concentration of as much as 1.8 wt.% of oxygen could be incorporated in the crystal 

lattice, which corresponded to two oxygen interstitials per unit cell. The oxygen 

incorporation is particularly interesting as it is a fully reversible process upon annealing 
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the sample in a mild reducing helium atmosphere at 325°C.  The ability of the bixbyite-

type V2O3 to reversibly capture a significant amount of oxygen (up to 1.8 wt%) at low 

temperature with minimal structural change makes V2O3(C) a promising material for 

various applications such as for oxygen storage and as a gas sensor. 

In this study, we report a new route for the synthesis of bixbyite-type V2O3 by 

aerosol-assisted chemical vapour deposition. The structure, stability and band gap of the 

thin film have been investigated as well as its potential application as a gas sensor. 

 

3.2.2. Experimental  

3.2.2.1. Synthesis of AACVD precursor solution 

The precursor solution consisted of a vanadium precursor [V(OBut)4], a solvent 

and a chelating ligand. Tetrakis-tert-butoxo-vanadium (IV) [V(OtBu)4] (TTBV) was 

synthesised by the UCL department of Electronic and Electrical Engineering, by Dr. 

Johannes Schlaefer, according to the description presented in section 3.1.2. To form the 

precursor solution, 0.3 mL of [V(OBut)4] was dissolved in 2 mL of anhydrous ethanol. 

Then, 0.24 mL of the chelating ligand 1-Dimethylamino-2-propanol (DMAP) (2 mmol) 

was added and the precursor solution was diluted with ethanol to 25 mL.  

 

3.2.2.2. Synthesis of the thin films 

The films were deposited by AACVD using the rig described in section 3.1.2. The 

substrate used for all experiments was a SiO2-barrier coated float glass with the 

dimension 3.5 × 15 cm2 (supplied by Pilkington, UK). The thin film deposition occurred 

on the barrier coating side (SiO2 barrier layer 50 nm), which was identified using a UVC 

lamp (λ= 254 nm). Prior to deposition, the substrate was successively cleaned with soap, 

acetone, propan-2-ol and de-ionised water. The reactor was set at 550°C for all 

experiments. Nitrogen was used as a carrier gas at the flow rate of 1.5 L min-1. All 

samples were handled and stored in air. 
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3.2.2.3. Film analysis 

The surface morphologies of the films were determined by Scanning Electron 

Microscopy (SEM) using a JEOL JSM-6700 (3 kV). The films were characterised by X-

Ray diffraction (XRD) using a Bruker D8 Discover LynxEye diffractometer and a primary 

monochromated Cu Kα1 radiation (λ = 1.5406 Å, 2θ = 5° to 66°, 0.05° per step). XRD 

patterns were compared to ICSD reference pattern for bixbyite-type V2O3 (ICSD 

260212). The Scotch tape test was used to determine the adhesion of the films to the 

substrate 127. X-ray photoelectron spectroscopy (XPS) was carried out on thin films using 

a Thermo Scientific K-alpha spectrometer with monochromated Al Kα radiation, a dual 

beam charge compensation system and constant pass energy of 50 eV (spot size 400 

μm). Spectra were recorded from 0 to1200 eV. The optical band gap was determined 

using UV-vis spectroscopy. The absorbance of the thin film was monitored on a Perkin 

Elmer Lambda 950 UV-vis-NIR spectrophotometer.  

 

3.2.2.4. Gas sensing characterization 

To test the gas sensing properties of the material, a V2O3(C) film was deposited 

by AACVD on a sensor substrate, according to the experimental conditions described 

above (section 3.2.2.2). The substrate had a dimension of 3 × 3 mm, and consisted of 

aluminium oxide Al2O3, where a gold electrode is printed on the top in order to measure 

the resistance of the sensing material. The gas sensing analysis were performed at 

various operating temperatures, ranged from 150 to 350°C, and at atmospheric 

pressure. The gas response of the film to oxygen was evaluated by successively 

introducing different concentrations of oxygen from 0 to 20 vol.%, and measuring the 

resistance of the material over time. The concentration of oxygen was changed over 

time, and the concentration cycle (13 cycles) was as follow: 20-0-20-0-5-8-12-16-18-20-

0-20-0 vol.%. Every cycle last 30 min (13 cycles), for a total experiment duration of 6h30 

for a given operating temperature. The gas sensing experiments were performed by Dr. 

James Covington at the University of Warwick. 
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3.2.3. Results and Discussion 

3.2.3.1. Thin Film Synthesis and Characterisation 

The deposition of V2O3 films, crystallized in the bixbyite structure, was attempted 

on float glass using AACVD from an ethanolic solution of [V(OtBu)4] at 550 °C. The 

solution was stabilized by adding a donor functionalized alcohol – 1-DiMethylAmino-2-

Propanol (dmap) – resulting in the formation of an octahedrally coordinated complex as 

described in the below proposed mechanism (Figure 50). [V(OtBu)4] was first dissolved 

in ethanol – resulting in the formation of vanadium ethoxide complex. The complex was 

formed through ligand exchange 196. The chelating ligand, DMAPH, is then added to the 

solution – leading to the formation of the octahedrally coordinated vanadium complex. 

The latter formation upon reaction with DMAPH can be deducted from similar reactions 

of titanium compounds [2,3] 

 
 

Figure 50: Proposed mechanism of the vanadium(IV) precursor solution. 

The depositions resulted in a high coverage of the glass substrate, however, the 

thin films were not uniform. The top of the substrate – corresponding to the closest part 

of the reactor entrance – was dark while a greyish patch could be differentiated in the 

middle part of the substrate. The as-synthesised films could be easily removable by 

scratching the surface with a stainless-steel scalpel, and partially resist the Scotch tape 

test.  



CHAPTER 3: SYNTHESIS OF VANADIUM OXIDE THIN FILMS BY AACVD 

 136 

 
Figure 51: Photo of bixbyite-type V2O3 film (sample A8) deposited by AACVD at 550°C. 

 
X-Ray diffraction (XRD) analysis confirmed the synthesis of V2O3 with bixbyite 

structure (space group Ia3̅) (Fig. 52). The top of substrate – darker patch – was a mixture 

of bixbyite-type V2O3 and the corrundum V2O3 structure (space group R3̅c), which 

corresponds to the thermodynamically stable phase of V2O3 231.  

 
Figure 52: X-Ray diffraction patterns of single bixbyite-type V2O3 film deposited on float glass. 

The morphology of the bixbyite-type V2O3 film was determined by SEM. The SEM 

image of the V2O3 metastable polymorph was shown in Figure 53 and compare to the 

V2O3 thermodynamically stable phase (corundum structure). The corundum V2O3 phase, 
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V2O3(R), film was synthesised in the previous section (cf. section 3.1) by AACVD using 

the same precursor solution but with a different solvent (methanol instead of ethanol). 

V2O3(C) displayed round-like shape morphology, similar to the V2O3(R) structure. 

Nonetheless, the bixbyite structure showed bigger grain sizes than the corundum 

structure. The crystallite sizes of both samples were estimated by applying the Scherrer 

equation to the XRD data. V2O3 crystallized in the bixbyite structure revealed higher 

crystallite sizes (c.a. 23 nm) than the corundum structure (c.a. 15 nm). This is surprising, 

as smaller crystallite sizes would have been expected for the metastable polymorph. 

Numerous studies achieved metastable polymorphs below a certain critical crystallite 

size, where they are thermodynamically stable - named size stabilised polymorph 214. 

For instance, the anatase phase of TiO2 can be favoured over the thermodynamically 

stable rutile phase, when the crystallite sizes are below ~ 14 nm 232,233. However, AACVD 

is a complex deposition process, and the bixbyite V2O3 structure could have been 

favoured by kinetic effects, regardless of the crystallite sizes. Furthermore, the crystallite 

sizes are in line with those identified in V2O3(C) nanocrystals. The authors attributed the 

stability of the bixbyite phase over the corundum phase to the critical size of the 

nanocrystals, measuring 5 to 30 nm in diameter. 

 
Figure 53: SEM Images of A/ a single-V2O3 layer with bixbyite structure synthesised by 

AACVD. 

 
The chemical environment and oxidation state of vanadium were investigated by 

X-ray photoelectron spectroscopy (XPS). The V2p3/2 core level peak showed the 

presence of three oxidations states of vanadium at the surfaces as V3+, V4+, and V5+ with 
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corresponding binding energy of 514.7, 516.3 and 517.5 eV. The presence of V2O5 at 

the extreme surface of the bixbyite-type V2O3 film is due to the storage of the sample in 

air 158. The O1s core level spectrum showed the presence of V-O bonds at a binding 

energy of 530.5 eV. The presence of carbon contamination could also be detected at the 

binding energy of 532.2 eV, which was assigned to C-O bonds. Finally, the binding 

energy of 533.3 eV was attributed to Si-O bonds. The latter corresponds to the substrate 

which is coated by a SiO2 barrier layer. It suggests the presence of pinholes into the 

bixbyite-type V2O3 film. These binding energies are in accordance with those reported in 

the literature 137,182,234. 

 
Figure 54: XPS spectra of bixbyite-type V2O3 film (sample A8 – cf. Table 19) synthesised by 

AACVD. 

Further analysis was conducted to determine the band gap of the as-synthesised 

V2O3(C) thin film (sample A8). An overview of the growing body of literature on this recent 

material showed that several attempts to identify the band gap were carried out, and 

different values were reported. Sarmadian et al.227 estimated, from computational 

calculations, a fundamental band gap of 1.61 eV and an optical band gap of 1.98 eV. 

Another Ab-initio simulation performed by Wessel et al.228 indicated a theoretical direct 

band gap of c.a. 0.8 eV. Finally, experimental data were collected by Bergerud et al.225 

using UV-VIS spectroscopy. They measured an optical band gap of ~ 1.29 eV for 

bixbyite-type V2O3 nanocrystals.  

In this study, the optical band gap of V2O3(C) thin film was measured by recording 

the absorbance spectrum in the UV/Vis/IR regions (Fig. 55). The optical absorption 

spectrum of the d2 ion V3+ (sample A8) is shown in Figure 56. In addition, the valence 
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band (VB) spectrum of the bixbyite film was recorded at room temperature under vacuum 

(10 Pa), and plotted in Figure 57. Furthermore, the Scanlon materials theory group, from 

the UCL chemistry department, performed computational calculations on the V2O3(C) 

film. The resulting data, density of states and band structure of the film, are displayed in 

Figure 58.  

Two different optical band gap values could be identified on the optical absorption 

spectrum, c.a. 0.87 and 1.46 eV. These values are close to those reported in the 

literature, in particular, the theoretical band gap of ~ 0.8 eV determined by computational 

calculations, and the optical band gap of ~ 1.29 eV, determined by UV-VIS spectroscopy 

228,225. The two different values determined could be due to the electronic configurations 

of V2O3. It contains vanadium (III) in a d2 configuration and has three allowed transitions 

in the Tanabe-Sugano diagram (Fig. 59). The first transition is 3T1→3T2, following by two 

other transitions 3T1→3T1 and 3T1→3A2. The order of the two other transitions, whether it 

is the second or third transition, depends on the ligand field strength. The optical 

absorption spectrum of the thin film showed a definite peak at 9074 cm -1, and a second 

peak around 16 753 cm-1, overlapping the interband transition. The ratio corresponded 

to the difference between the two peaks was 1.84. A similar ratio on the Tanabe-Sugano 

diagram was found for Δ/B ~ 17. Therefore, the two optical band gap determined could 

be due to the transition 3T1→3T2 (band gap ~ 0.87eV), and 3T1→3T1 (band gap ~ 1.46 

eV). The valence band edge measured by XPS also highlighted two values of c.a. 0.63 

and 3.06 eV. The latter are slightly different from the optical band gap as they are relative 

to the Fermy level. In comparison, the optical band gap, measured by UV-VIS 

spectroscopy, corresponds to optical transition from the valence band to the conductive 

band, and therefore could potentially represent the fundamental band gap. Finally, the 

density of states as well as the band structure, obtained by computational calculations, 

showed a calculated band gap of 1.05 eV. The latter is slightly higher than the band gap 

determined by UV-VIS spectroscopy. 
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Figure 55: The optical absorption spectrum of bixbyite V2O3 structure film. 

 
 

 
Figure 56: Band gap determination of the bixbyite-type V2O3 film (sample A8) using UV-VIS 
spectrophotometry. 

 
Figure 57: Valence band edge scan obtained by XPS for the bixbyite-type V2O3 film. 
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Figure 58: Calculated density of states and band structure of bixbyite-type V2O3 film (sample A8). 
The computational calculations were performed by Mr. Alex Ganose, from the Scanlon materials 
theory group (UCL chemistry department). 

 
Figure 59: Tanabe-Sugano diagram for octahedral complexes with the electronic configuration 
d2. 

 
3.2.3.2. Bixbyite-type V2O3 film functional properties 

The gas sensing properties of the bixbyite-type V2O3 film, and its potential 

reversible ability to store oxygen with a minimal structural change are reported in this 

section. Bergerud et al. 225 were the first group to achieve the synthesis of pure bixbyite-

type V2O3 nanocrystals, and to highlight its potential oxygen storage application. Prior to 

the this work, only mixtures of V2O3(C) and the thermodynamically stable phase, 

V2O3(R), were produced 226. They investigated the stability of the bixbyite phase in air 

and at atmospheric pressure through XRD measurements of the material over time ( i.e. 
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up to 3 months). They observed, after 3 months, a slight shift (~ 0.2°) of the XRD peaks 

to the lower angle, and attributed that to the filling of the oxygen vacancies in the lattice 

– making the material structure more fluorite-like. As a matter of fact, the bixbyite 

structure can be described as a distorted fluorite structure with a quarter of the oxygen 

missing. An acceleration of this phenomenon could be observed upon heating the 

nanocrystals at 100°C for 6 hours under air flow. Nonetheless, longer heating time, i.e. 

12 hours, resulted in a phase transformation into an unknown structure.  

In the current study, we investigated the stability of the bixbyite-type V2O3 film in 

air over time, at atmospheric pressure and room temperature. Figure 60 showed the 

XRD patterns of a freshly synthesized V2O3(C) film, and the film after being stored 3 

months in air and at room temperature. After 3 months, no peak shifts were observed, 

however, the sample partially transformed into the thermodynamically stable phase – 

resulting in a mixture of V2O3(C) and V2O3(R). 

 

Figure 60: XRD patterns of V2O3(C) film (Sample A8) freshly synthesised and after being stored 
3 months in air at room temperature.  

 Then, the V2O3(C) film (sample A8, section 3.2.3.1) was annealed at different 

temperatures (up to 200°C) in air to assess the phase stability and the oxidation 

resistance of the film. After annealing the film for 12 hours at a given temperature, XRD 
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measurements were performed on the sample (Fig. 61). The process was repeated with 

a freshly synthesised V2O3(C) film, sample B7, for comparison. Sample B7 was 

synthesised by AACVD in the same experimental conditions as sample A8. The film was 

deposited on a SiO2-barrier float glass substrate, at 550°C, and nitrogen was used as 

carrier gas at a flow rate of 1.5 L min-1. The precursor solution was a mixture of 0.3 mL 

of [V(OBut)4], 0.24 mL of DMAP and 25 mL of ethanol. 

In comparison to the V2O3(C) nanoparticles described in the literature 225, the as-

synthesised films displayed a higher stability at 125°C, where the bixbyite structure could 

be still identified by XRD after 12 hours of annealing. As a reminder, the previous study 

showed the transformation of V2O3(C) nanocrystals to an unknown phase after 12 hours 

annealing at 125°C. Nonetheless, a shift of the (222) peak to lower angle with 

temperature increased could be observed for both samples. In both cases, the shift was 

similar to the one reported by Bergerud et al.225, that is ~ 0.2°. As mentioned above, they 

attributed the shift to an expansion of the lattice (increase of the lattice parameter) due 

to the incorporation of oxygen in interstitials. The bixbyite structure has a cubic lattice, 

and therefore an expansion of the lattice parameter should result in a shift of all the XRD 

peaks. In this study, however, it was not possible to observe the shift for the two other 

peaks, (211) and (440), due to a noisy background.  

Variations between the two V2O3(C) films (freshly synthesised and stored 3 

weeks) could be spotted at the annealing temperature of 200°C. While no structural 

change was observed for the sample B7 at 200°C, sample A8 showed new peaks 

emerging (2 ~ 37.5 ° and 42.45°) as well as large broadenings of the existing peaks. 

The identification of the new structure was not successful. It is interesting to note that 

the freshly synthesised V2O3(C) film (sample B7) showed a higher phase stability and 

oxidation resistance upon annealing than sample A8, which was stored a couple of 

weeks in air before the experiments. 
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Figure 61: XRD patterns of a V2O3(C) film, which was stored in air, at room temperature, a couple 
of weeks (sample A8), and which was freshly synthesised by AACVD (Sample B7). 

 
The stability of the bixbyite-type V2O3 film was tested at higher temperature, 

above 200°C. Figure 62 showed the XRD patterns of V2O3(C) (sample B7) annealed for 

12 hours at different temperatures (up to 350°C). At 250°C, the XRD pattern showed a 

new peak emerging at 2θ ~ 37.5°, which did not allow any phase identification.  The latter 

disappeared at 300°C, where the film transformed into VO2. At higher temperature, 

350°C, the VO2 film transformed into a mixture of V3O7 and V2O5. 
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Figure 62: XRD patterns of a V2O3(C) film (sample B7) after being annealed for 12 hours at 
different temperatures. 

 Further characterizations of the V2O3(C) film was performed, and the vanadium 

oxidation states as well as its environment was determined by XPS. Figure 63 showed 

the XPS spectra of the film before and after the annealing experiment at 200°C (sample 

A8). The V2p3/2 core level showed the presence of V3+ before the annealing, at the 

binding energy of 514.7 eV, and then disappeared after being annealed at 200°C. At this 

temperature, an oxidation of the sample was apparent, however, the film was not fully 

oxidized to V2O5, and V4+ ions could be seen at a binding energy of 516.2 eV. The 

presence of V2O5 could be seen before and after the annealing process at the binding 

energy of 517.5 eV. This is due to the oxidation of the extreme surface of the film when 

it is in contact with air. The formation of a thin layer of V2O5 can be beneficial to the 

coating duration, for a limited time, as V2O5 acts as a protective layer and helps prevent 

further oxidation of the film stored in air 158. The O1s region showed the presence of 

silicon at a binding energy of 533.4 eV. This is most likely due to pinholes in the V2O3(C) 

film, which bring out the underneath SiO2 barrier layer of the substrate. The spectrum 
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also showed the presence of carbon contamination at a binding energy of 532.2 eV, 

before and after annealing in air. Annealing treatments have been often used for lowering 

the carbon contamination of thin films deposited by AACVD 235,236. However, removing 

carbon contamination on thin film surfaces is not an easy procedure, and therefore 

requires high annealing temperature 237. The annealing temperature used in this study 

(200°C) is too low for decreasing the carbon contamination, where the carbonaceous 

species are strongly adsorbed to the surface. The carbon contamination can hinder 

interaction between the film and oxygen as the carbonaceous species occupied active 

sites available at the surface of the film 238. 

 

Figure 63: XPS spectra of V2O3(C) film (sample A8) synthesised by AACVD, before (left) and 
after (right) the annealing experiment. 

Gas sensor characterizations were performed on the bixbyite-type V2O3 film, in 

order to explore its potential gas sensing properties to oxygen, and to understand better 

the oxygen incorporation mechanism. For this purpose, a V2O3(C) film was deposited on 

a gas sensor substrate by AACVD, according to the experimental conditions described 

previously (cf. section 3.2.2). The gas sensor substrate is represented in Figure 64 and 

consists of (1) a gold sensing electrode, where is deposited the film; (2) a heating 

element, and between them (3) an alumina substrate, which is an electrical insulator with 
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a high thermal conductivity. To heat the film, power is applied to the heating system, 

which is made of platinum, allowing it to reach a given temperature. The gold sensing 

electrode allow to measure the resistance variation of the sensor material, when the film 

is in presence or not of the target gas. 

 

Figure 64: Schematic of a Gas sensor substrate. 

 
The substrate was exposed at a series of successive increasing operating 

temperatures, ranged from 150°C to 350°C. For each operating temperature, the sensor 

was exposed to different O2 concentrations. The concentrations varied between 0 and 

20% during the experiments. To determine the activity of the sensor, the V2O3(C) film 

resistance was measured throughout the experience. When the target gas interacts with 

the sensor, a change in the material resistance is observed 239. The response of the 

sensor to a specific gas corresponds to the relative resistance changes (R/Ro). That is, 

the ratio between the material resistance in presence of the target gas (R), and in the 

absence of the latter (Ro) 240. In this study, the gas response corresponds to the ratio 

between the resistance of the material during O2 exposures and the resistance, when 

the O2 flow was stopped. To evaluate the efficiency of the sensor, the response and 

recovery time of the film were determined graphically. The response time corresponds 

to the period of time the sensor needs to reach a plateau in the presence of the target 
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gas; while the recovery time represents the period of time the sensor needs to be back 

to its initial state when the O2 flow is stopped (Fig. 65). 

 

Figure 65: Determination of the response and recovery time of a sensor. 

 
The gas response of the V2O3(C) sensor to various O2 concentrations over time, 

at different sensor operating temperatures, is represented in Figure 66. The graph 

showed an increase of the sensor resistance upon oxygen exposure, regardless the O2 

concentrations and temperatures, and therefore showed an n-type response 239. The 

sensor showed to be operational in the range of 5-20% O2 concentrations (50,000-

200,000 ppm). A better material response to oxygen was observed as the operating 

temperature increased, with a maximum response at 350°C. Upon 20% O2 exposure, 

the V2O3(C) film did not reach a plateau for any operating temperatures. Nonetheless, a 

progressive introduction of increasing O2 concentrations, from 5 to 20%, allowed the 

material to reach a plateau (only at the operating temperatures of 300°C and 350°C). 

The average response time of the sensor was 15 min, for the operating temperatures of 

300°C and 350°C. Under 300°C, the sensor was not able to reach a plateau. No 

saturation was observed for the V2O3(C) sensor, which can be seen by the drop of the 

response when the O2 flow was stopped, for all temperatures. The recovery time was 

shown to vary as a function of the operating temperatures. The sensor at 350°C needed 
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25 minutes of recovery time, while below 350°C, the recovery time was over 30 minutes. 

Figure 67, showed the sensor response as a function of the oxygen concentration, and 

at different operating temperatures. The plot confirmed the increase of the film response 

to oxygen as the O2 concentration raises. It also clearly showed that higher responses 

to oxygen were observed as the operating temperature increases. 

 

 

Figure 66: Gas response of V2O3 sensors upon exposures to various O2 concentrations over 
time at different temperatures. 

ZOOM 
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Figure 67: Gas response of V2O3 sensors as function of O2 concentrations at different 
temperatures. 

Gas responses of the sensor to oxygen were observed for O2 concentrations in 

the range of 5-20%, at operating temperatures from 150 to 350°C, and at a relative 

humidity (RH) of 85-90%. The operating temperature of 350°C showed the best 

response and recovery time. However, as seen previously, the V2O3(C) film stayed stable 

up to 250°C. Then, it transformed in VO2 at 300°C and to a V3O7/V2O5 mixture at a 

temperature of 350°C. As a result, the V2O3(C) film sensor is operational only at 

operating temperatures ranging from 150 to 250°C. The temperature range of this 

sensing material is particularly interesting, considering that oxygen sensors, 

commercially available, usually start working at fairly high temperature, i.e. above 350°C, 

and have an optimum temperature of ca. 600°C 241. Due to the high operating 

temperature, a heating unit is usually placed inside the sensor, which limits technology 

progresses, especially with regard to miniaturizations. Oxygen sensing materials 

reported in the literature also showed high operating temperature range, such as CeO2 

(700 to 1100°C) 242, Cr2O3-TiO2 (350 to 400°C) 243 and ZrO2-Ga2O3 (900 to 1200°C) 244. 

To achieve lower temperatures, it is required to dope the gas sensing material with noble 

metal such as platinum (Pt) and gold (Au) 245. For instance, Pt-doped TiO2 showed an 

operating temperature of 130°C 246. Nevertheless, such dopants represent a certain cost. 
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Although V2O3(C) sensor showed response to oxygen at low operating temperatures, it 

displayed long response times – did not reached a plateau upon 30 minutes O2 exposure 

- and had a long recovery time (> 30 minutes). In comparison, TiO2:Pt sensor exhibits a 

response time of ca. 2 minutes, and 1 to 3 minutes for Cr2O3-TiO2 sensor. On the other 

hand, an overview of the literature of gas sensor showed that recovery time are usually 

mush smaller than 30 minutes 247. For instance, the commercial oxygen sensor, the 

4OXeco LP sensor, produced by City Technology Ltd. showed a recovery time lower 

than 8 seconds. The long response and recovery time observed for the V2O3(C) film 

could due to the oxygen ‘detection’ mechanism being different than the conventional 

one.  

The conventional mechanism of O2 gas detection is the “ionosorption” model, 

which is described by the adsorption of gaseous O2 molecules on the sensor surface, 

following by the formation of ionized oxygen species by the electrons from the material 

conduction band. Thus, n-type material will have their resistance increasing upon 

oxidation, and a decrease in the presence of reducing gas. The opposite will occur for a 

p-type material. The conventional mechanism of gas sensing in the presence of oxygen 

is shown below 240: 

O2(ads) + e- ↔ O2-(ads) 

O2-(ads) + e- ↔ O22-(ads) ↔ 2 O-(ads) 

However, a previous study 35, showed that the reversible oxygen incorporation observed 

in bixbyite-type V2O3 nanocrystals could be attributed to a different mechanism, 

described below: 

2Vvx + ½ O2(g) → 2Vv. + Oi” 

Where, the exposure of the nanocrystals to oxygen led to the creation of holes in the 

vanadium sublattice and the insertion of negatively charged oxygen in interstitials. This 

approach is interesting and in opposition to the conventional mechanism, which is 

focused on surface reactions. The gas sensing characterizations, performed in this 
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study, showed that the V2O3(C) film had a long response (did not reach a plateau) and 

recovery time (>30 minutes). The sensor reached a plateau only above 250°C, where 

the film had already transformed to a V307/V2O5 mixture. This could suggest that the 

bixbyite-type V2O3 film did not adopt the conventional gas sensing model. Instead, the 

response could be driven by the diffusion of the oxygen species into the bulk, which is 

known to be significantly slow. As a result, a possible approach for V2O3(C) film would 

be that it does not act as a conventional sensor, and therefore could support the 

aforementioned mechanism, where oxygen species diffuse into crystal lattice – making 

the bixbyite structure more fluorite-like. This approach, however, encounters some 

discrepancies regarding the reversibility of the oxygen incorporation process. In this 

particular model, the oxygen species diffuse in the material crystal lattice upon O2 

exposure – resulting in a change in the material oxygen stoichiometry. Thus, a mild 

reducing atmosphere would be necessary for the sensor to regain its initial oxygen 

stoichiometry. As a matter of fact, the group which attributed the reversible oxygen 

incorporation in V2O3(C) nanocrystals to the diffusion of oxygen in interstitials, 

demonstrated that the reversibility was obtained through the annealing of the 

nanocrystals under mild reducing atmosphere 35. This is inconsistent with the performed 

gas sensing characterizations, where the V2O3(C) film sensor recovered its initial 

resistance value, when O2 flow was stopped, i.e. without the presence of reducing gas. 

Furthermore, the gas sensing characterization was performed in high humidity 

atmosphere, with a relative humidity (RH) of 85-90%. High humidity usually decrease 

the efficiency of metal oxide sensors, as the water vapor molecules are adsorbed on the 

sensor surface - hindering the interaction between the sensor and the target gas, and 

decreasing sensor resistance 248. In addition, the XPS analysis highlighted the presence 

of carbon contamination in the film. As water vapour molecules, carbonaceous species 

can hinder the active sites available at the sensor surface – resulting in a decreasing of 

the sensor efficiency 238. The long response and recovery time observed in V2O3(C) film 

could be also due to a partial saturation of the active sites, at the surface of the film, by 

water vapour molecules and carbonaceous species.  However, the assumption that the 
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V2O3(C) sensor does not follow the conventional mechanism could be reinforced by the 

different sensor responses above 250°C. It is clear that the sensor showed better 

responses as temperature increased, where it successively transformed into VO2 

(300°C) and a mixture of V3O7/V2O5 (350°C). They reached a plateau and had a quicker 

recovery time, which could suggest that they are conform to a conventional mechanism, 

unlike V2O3(C). In addition, regarding the high relative humidity at which the gas sensing 

characterizations were performed, it can be highlighted that the V2O3(C) sensor 

displayed a good resilience to high humidity.  

 Bixbyite-type V2O3 film showed gas response to oxygen at a relatively low range 

of temperatures, from 150 to 250°C. The response and recovery time, however, were 

much longer than most of oxygen sensor commercially available. It is supposed that the 

latter is due to the sensor response being driven by the diffusion of the oxygen in the 

crystal lattice, which is known to be slow, and therefore in opposition with the 

conventional gas detection mechanism. This approach was also referred in a previous 

study on V2O3(C) nanocrystals, where the authors attributed XRD peaks shifts at 125°C 

to the expansion of the lattice due to filling of oxygen vacancies. Similar shifts were 

observed when V2O3(C) films were heated at 125°C for 12 hours. The films, however, 

had the shifts occurring after 12 hours while 6 hours were needed for its equivalents 

nanocrystals. After 6 hours, the nanocrystals changed their structure to an unknown 

phase, whereas the film maintained its bixbyite structure. This highlights that the film 

showed less reactivity than nanocrystals in the presence of oxygen, which was possibly 

due to a smaller surface area than its equivalent nanocrystals. A material gas sensor 

with a large surface area is most likely to adsorb and ionized oxygen, and therefore 

having a better performance. Hence, increasing the surface area of the V2O3(C) sensor 

could be a possible approach to improve its efficiency.  

3.2.3.3. Optimization of bixbyite-type V2O3 film depositions  

 As seen previously, we successfully synthesised bixbyite-type V2O3 film, which is 

– to the best of our knowledge – the first V2O3(C) film deposited by AACVD. Although 
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V2O3(C) films showed gas sensing properties, they had low performance. A possible 

approach to improve their efficiency would be to increase the thin film surface area. To 

achieve this, different experimental parameters were changed. The effect of the N2 flow 

rate was investigated – successively increased from 1.5 to 5 L min-1. The precursor 

solution, containing the vanadium alkoxide [V(OBut)4], ethanol and a chelating ligand, 

was also modified. The equivalent of the chelating ligand (DMAPH), used to stabilised 

the precursor solution, was consecutively increased from 2 to 20 equivalents. In addition, 

doping the V2O3(C) film with indium was attempted by adding [In(acac)3] to the precursor 

solution. As In2O3 thin films crystallize in the bixbyite structure, the key objective of 

doping V2O3(C) films with indium, is to stabilize the formation of pure bixbyite-type V2O3 

films for gas sensor applications. V2O3(C) showed to have interesting gas sensing 

properties, especially for oxygen sensor applications. For V2O3(C) to be used as an 

oxygen sensor, which are usually running at elevated temperature, its bixbyite phase 

needs to be stable over time. However, V2O3(C) is a metastable polymorph, which 

showed to be stable at a critical size of nanorystals of 5 to 30 nm. High temperature 

could result in the sintering of the nanoparticles and therefore the transformation to the 

stable corundum phase. In(acac)3 was chosen as the indium dopant, and 0.4g were 

added to the precursor solution. The change in parameters are detailed in the following 

table: 

Table  20: Summary of vanadium oxide film depositions. All films were synthesised from a 
precursor solution containing V(OBut)4, ethanol and DMPAH. Only the concentration of the 
chelating DMPAH was changed in the solution. The carrier gas used to conduct the aerosol to 
the reactor was N2. The flow rate was ranged from 1.5 to 5 L min-1. Indium dopant was added to 
one precursor solution. All depositions were performed at 550 °C on SiO2-barrier coated glass by 
AACVD.  

Code 

Samples 

N2 

Flow 

Rate 

Equivalent of 

DMAPH 
Dopant 

Phase Identification 

(determined by XRD) 

B1 1.5 2 - V2O3(C) 

B2 3 2 - V2O3(C) 

B3 5 2 - V2O3(C) 

B4 1.5 6 - V2O3(C) 

B5 1.5 20 - V2O3(C) 

B6 1.5 2 In(acac)3 VO2(A) 
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Figure 68: Photography of the different thin film samples deposited by AACVD. 

The as-deposited thin film samples were shown in Figure 68. As a first 

observation, the grey patch, which usually characterizes V2O3(C) became more 

transparent as the flow rate increased, and less visible as the ligand equivalents 

increased. Furthermore, the grey patch is smaller in presence of indium dopant. 

The films were characterised by XRD, and the XRD patterns were shown in 

Figure 69. Sample B1 to B5 crystallized in the bixbyite structure of V2O3. Sample B5 (20 

eq. of DMPAH) had a slightly noisier background than other XRD patterns, and broader 

XRD peaks. The doping attempt of V2O3(C) with indium resulted in the synthesis of 

VO2(A) film. It was shown that the synthesis of VO2 films, using [V(OBut)4] as a vanadium 
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precursor, was achieved in the presence of compressed air and with a mixture of 

EtAc/EtOH as solvent, at 550°C. The replacement of the solvent mixture by ethanol led 

to amorphous film. Similarly, keeping the solvent mixture but replacing the carrier gas by 

nitrogen also resulted in amorphous films. Finally, using ethanol as solvent and nitrogen 

as carrier gas allowed the synthesis of V2O3(C). Nonetheless, it has already been 

reported the synthesis of VO2 films on glass by AACVD at 550°C, using N2 as carrier gas 

and ethanol as a solvent. To achieve this, Piccirillo et al.83 used [V(acac)3] as a vanadium 

precursor. In this study, the presence of [In(acac)3] as dopant in the precursor solution, 

could have led to ligand exchange or polymeric compound with the vanadium precursor 

[V(OBut)4] – suggesting the existence of [V(acac)3] in the solution. Nolan et al.249 studied 

the reaction between two metal alkoxides, zinc acetate and titanium isopropoxide, for 

the synthesis of ZnO/TiO2 composite using sol-gel process. They demonstrated the 

formation of polymeric zinc/titanium oxalates during the sol-gel synthesis. The addition 

of the chelating ligand acac (2 equivalents) was carried out previously in this report 

(sample A9 – section 3.1.). However, the use of 2 equivalents of acac as ligands in an 

ethanoic precursor solution did not allow the synthesis of VO2. Instead, it led to the 

formation of V2O3(C) film. The indium precursor solution contained 3 equivalents of acac, 

and therefore the synthesis of VO2 could be due to the higher amount of acac in the 

precursor solution. In addition, the ionic radii of In(III) (80pm) is considerably larger than 

V(III) ionic radii (64pm), and that could be one possibly reason why the doping of V2O3(C) 

with In dopant was not successful.    
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Figure 69: XRD patterns of bixbyite-type V2O3 films (samples B1 to B5). B1 is the reference 
sample – synthesised from a solution containing 2 eq. of DMAPH and at a N2 flow rate of 1.5 L 
min-1. The flow rate was successively increased to 3 L min-1 (B2) and 5 L min-1 (B3). The 
equivalent of ligand was changed to 6 eq. (B4) and 20 eq. (B5).  

  

To determine the percentage of indium dopant in the material, XPS analysis were 

performed on sample B6 (Fig. 70). VO2(A) was identified by XRD, and confirmed by XPS 

with the presence of V4+ ions at the binding energy of 516.2 eV 137. The V2p3/2 core level 

peak showed two other peaks at the binding energy of 514.9 and 517.5 eV. The latter 

was assigned to V5+ ions, while the former was attributed to V3+ ions 234. The presence 

of V2O5 at the extreme surface of the film is natural, and occurs when the film is in contact 

with air, which can prevent further oxidation of the VO2 film for a certain time 158. 

However, the presence of V2O3 is quite surprising, as it was not detected by XRD. The 

peak at the binding energy of 530.5 eV, in the O1s core level signal, was attributed to V-

O bonds. The O1s core level also revealed carbon contaminations, C-O bonds, at the 

binding energy of 532.8 eV. The binding energy at 445.1 eV was assigned to the 

presence of In(OH)3. Futhermore, XPS revealed that the In-doped V2O3(C) film contained 

19% of indium. The binding energies are in accordance with those found in the 

literature182,250. 
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Figure 70: XPS spectra of In-doped VO2(A) (sample B6 – Table 20) synthesised by AACVD. 

  

The morphology of the films were observed by SEM, and the SEM images are 

shown in Figure 71. The morphology of the films were quite similar - all samples showed 

a round-like shape structure. The number of DMAPH equivalents added to the solution 

did not show to affect the morphology of the V2O3(C) films. In comparison, the variation 

of the nitrogen flow rate had an effect on the grain sizes – resulting in a decrease of the 

latter as the flow rate successively increase from 1.5 to 5 L min-1. The In-doped VO2(A) 

film (sample B6 – Table 20) showed a similar morphology and grain size than the 

V2O3(C) film reference (sample B1). The decrease of the grain sizes with higher nitrogen 

flow rate could have a positive impact on the surface area by increasing it, and therefore 

could potentially improve the functional properties of the material.  
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Figure 71: SEM Images of bixbyite-type V2O3 films. The row showed the variation of N2 flow rate, 
from 1.5 to 5 L min-1. The column showed the change in added equivalent of the chelating ligand 
DMAPH. In the middle, In-doped V2O3(B) film, doped with In(acac)3.  

 
The effects of the experimental conditions on V2O3(C) films were investigated in 

this section. The number of equivalents of DMAPH – chelating ligand used to stabilize 

the precursor solution – was gradually increased, but did not affect the phase or the 

morphology of the film. Conversely, the nitrogen flow rate – used as carrier gas – affected 

the grain sizes. The latter decreased as the flow rate increased. Finally, the indium 

doping resulted in the formation of VO2(A) film. This was not expected as In2O3 films 

crystallize in the bixbyite structure. 

 

3.2.4. Conclusion 

 Bixbyite-type V2O3 film was synthesised for the first time by AACVD, and showed 

interesting abilities to interact with oxygen. Heating the film at 125°C for 12 hours in air 
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resulted in an expansion of its lattice, which was attributed to the incorporation of oxygen 

in the crystal lattice. Gas sensing characterizations showed that V2O3(C) displayed gas 

response to oxygen at relatively low temperature (150 to 250°C) in comparison with 

commercial oxygen sensors (350-600°C). The response and recovery time, however, 

was long. A possible understanding could be that the V2O3(C) sensor is not following the 

conventional gas detection mechanism, but instead the response is driven by the 

diffusion of the oxygen in the bulk, which is known to be slow. However, the long 

response and recovery time could also be attributed to the saturation of the active sites 

by water vapour molecules and carbonaceous species - as the characterizations were 

performed in a RH of 85/90%, and XPS analysis showed a carbon contamination of the 

film. The films showed a higher phase stability than its equivalents nanocrystals, reported 

in the literature, at 125°C. At the latter temperature, the film remained in the bixbyite 

structure after 12 hours, while the literature reported a change of the nanocrystals 

structure to an unknown phase. This is most likely due to the smaller surface area of the 

V2O3(C) film in comparison with its equivalent nanocrystals. However, a decrease of the 

grain sizes of the film – and therefore an increase of its surface area – was achieved by 

increasing the nitrogen flow rate during the AACVD deposition.
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4. Synthesis of VO2 nanoparticles by Continuous 

Hydrothermal Flow Synthesis (CHFS)  

4.1. Synthesis of VO2  and Nb-doped VO2  nanoparticles 

4.1.1. Introduction 

The monoclinic phase of vanadium dioxide, VO2(M) (Space group P 1 21/c 1), is 

a promising material for intelligent windows applications due to its thermochromics 

properties, especially its transition temperature relatively close to room temperature 

115,221. At 68°C, for a typical pristine VO2 material, the semiconducting monoclinic phase 

VO2(M) reversibly transform into the semi-metallic rutile phase VO2(R) (Space group P 

42/mnm) 44,22. The phase transformation results in the change of the material’s optical 

properties – that is, from highly transmissive to highly reflective in the near infrared 

region45. 

The two essential parameters for measuring the VO2 films performance, for 

intelligent windows applications, are the visible light transmittance (TLUM) and solar heat 

modulation (∆TSOL). Single VO2 thin films usually displayed low TLUM and ∆TSOL, which is 

due its narrow band gap (ca. 0.7 eV) leading to strong absorption and high reflectivity. A 

number of studies have shown that Multilayers and dopants can improve the VO2 

thermochromic properties by increasing TLUM and ∆TSOL 251,252. In Chapter 2, it was shown 

that VO2-based stack containing one layer of tantalum oxide (Ta2O5) had a positive effect 

on the solar modulation – resulting in a fivefold increase in ∆TSOL. While a doubling of 

TLUM was obtained by replacing the Ta2O5 layer by either niobium oxide (Nb2O5) or tin 

oxide (SnO2). The improvement of these parameters, however, was found to be 

challenging as enhancing one of the two parameters would negatively affect the other 

and vice versa.  

Li et al. 25 showed that synthesising films consisting of VO2 nanoparticles 

embedded in a host material could significantly improve both parameters TLUM and ∆TSOL 

at the same time. For instance, a 5-µm thick film of 1 vol.% of well-dispersed VO2 

nanoparticles (NPs) shows higher TLUM and ∆TSOL values compared to an 
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equivalent continuous VO2 film with a thickness of 50 nm 253. Furthermore, it has 

been shown that visible light weekly interact with VO2 nanoparticles of ca. 50 nm (or 

less), and that optical scattering is suppressed with particle sizes below 20 nm 115,153. A 

tight control of particle sizes and its dispersion in a host material are, therefore, essential. 

The large range of oxidation states of the vanadium ion and the complexity of its 

phase-diagram limit the direct synthesis of VO2(M) nanoparticles. The synthesis of pure 

VO2(M) is, therefore, usually not direct and often require post-synthesis heat-treatment. 

However, any additional processing of the NPs such as annealing process can favour 

the oxidation of the material as well as growth of particle sizes and/or aggregation – 

hampering the material’s functionality. A common route to synthesise VO2(M) 

nanoparticles is by hydrothermal synthesis. This method, however, is usually a long 

synthesis process (24 to 48 hours) and it is hardly reproducible 254’255.  

Continuous hydrothermal flow synthesis (CHFS) is a quite recent process, which 

is used to synthesise nanoparticles. In this process, the nanoparticles are formed almost 

instantaneously by means of a reaction between a stream of supercritical water and a 

stream of a room temperature metal precursor salts 93,94. CHFS has the advantage to be 

reproducible, scalable and to be a continuous process – resulting in good production 

amount (kg/hour of material) in a good yield (typically above 85%)256. Previous studies 

have already reported the synthesis of VO2(M) and Nb-VO2(M) nanoparticles by CHFS257  

258. The resulting NPs, however, did not crystallized in the monoclinic phase and were 

requiring post-synthesis heat treatment at 600°C to achieve phase pure VO2(M)218.  

In this chapter, the first direct continuous hydrothermal flow synthesis of VO2(M) 

nanoparticles was described. To the best of our knowledge, there are no reports of 

successful direct synthesis of pure VO2(M) using a continuous process. The aim, here, 

is to form small NPs, ideally below 50 nm for the aforementioned reasons; While 

synthesizing directly the monoclinic phase of VO2 for avoiding any post-treatment that 

could result in an increasing of NPs size. The structure and the characteristics of the 

nanoparticles were investigated as well as its thermochromic properties.  
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4.1.2. Experimental  

4.1.2.1. Synthesis of precursor solution  

 To form the precursor solution, 181.88 g of vanadium(V) oxide (V2O5) was mixed 

with 360.12 g of oxalic acid (C2H2O4) in de-ionised water (5L). The latter was stirred for 

48 hours until the full reduction of V5+ ions into V4+, which is characterized by the solution 

colour change from yellow to blue. The precursor solution (0.4M) was, then, diluted by 

two (0.2M), with de-ionised water, to be used in the CHFS process. 

 

4.1.2.2. Synthesis of the nanoparticles  

The nanoparticles were synthesised by continuous hydrothermal flow synthesis 

(CHFS), where a simplified schematic diagram is illustrated in Figure 72. A stream of D.I. 

water was supplied to the reactor by Pump P1. An electrical heater was used to heat the 

water to 450°C at a pressure of 240 bar - that is beyond the critical point of water TC = 

374°C and PC = 220 bar – to form supercritical water. The flow of supercritical water 

QSCW was set to 80 mL min-1, and combined to the stream of metal precursor at a mixing 

point temperature. The later corresponds to the temperature at which the ambient 

temperature stream of metal precursor are mixed with the hot stream of supercritical 

water. It must be recalled at this point that the synthesis of pure monoclinic VO2 

nanoparticles requires temperatures above 400°C. At a lower temperature, the synthesis 

of VO2(B) is most likely to occur 257. To achieve a high mixing point temperature, that is 

above 400°C, it was necessary to reduce the flow of metal precursor. In the standard 

configuration of the CHFS reactor, the pumps used to supply the mixer with different 

streams are Milton Roy Primeroyal K pumps, which are operational at a flow rate above 

25 mL min-1 – resulting in a maximum mixing point temperature achieved of 375°C 258. 

In order to reach a mixing point temperature of 402°C, the stream of D.I. water heated 

at 450°C was set at 80 mL min-1, and the combined streams of metal precursor to 10 mL 

min-1 259. The pumps used to provide the metal precursor was therefore replaced by 

Gilson-type Pumps G1 and G2, which were able to supply the reactor with a flow of metal 

precursor of Q = 5 mL min-1. The metal precursor feed was diluted with D.I. water, 
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provided by the pump P2, where the streams were all mixed through a four-way switch 

valve before to reach the confined jet mixer (CJM). Within the latter, the supercritical 

water and the metal precursors feed were mixed at a mixing point temperature of 402°C 

with the resulting mixture flowing upwards 257,260. The as-formed nanoparticles slurry - 

emerging from the mixer - passes through a pipe where it remained at the mixing point 

temperature for a given time called residence time. The latter corresponds to the length 

of time during which the nanoparticles just formed are at the mixing temperature. The 

slurry, then, reached a pipe-in-pipe heat exchanger where it is rapidly cooled to below 

60°C.  

 
Figure 72: Simplified schematic illustration of continuous hydrothermal flow synthesis (CHFS) 

process used to produce nanoparticles. 

Finally, the nanoparticles slurry was then leave to settle, and the resulting 

sediment was centrifuged at 4500 rpm for 5 minutes. The supernatant water was 

removed, and the product was re-dispersed in de-ionized water and centrifuged. The 

latter step was repeated until the supernatant conductivity does not exceed 100 µS m−1. 

Finally, the cleaned powder was dried using the freeze-drier Virtis Genesis 35XL, where 

the powder is first frozen to -60°C, before being slowly heated to 25 °C, over 24 hours 

and under a vacuum of < 13 Pa. Due to the complexity of the process, the CHFS lab-

scale reactor was operated and controlled by Dr. Ian D. Johnson, and the design of the 

Lab-scale reactor is fully described in his thesis 68. 

The NPs were produced from a vanadium(IV) precursor solution consisted of a 

vanadium(V) oxide (V2O5), oxalic acid (H2C2O4) and distilled water mixture. The solution 
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was prepared one day ahead to allow the reduction of V2O5 in a vanadium(IV) solution 

by the oxalic acid according to the accepted decomposition pathway below 261,262,257 : 

 

V2O5(s) + 4H2C2O4 + 2H2O → [(VO)2(C2O4)3]2− + 2H3O+ + 2CO2 + 4H2O 

[(VO)2(C2O4)3]2− + 2H3O+ → 2VOC2O4 + CO + CO2 + 3H2O 

2VOC2O4 → VO2 + CO + CO2 

 
The Nb-doped VO2 NPs, on the other hand, were produced using the vanadium(IV) 

precursor solution and ammonium niobate(V) oxalate hydrate (C4H4NNbO9.xH2O, 99.9 

%). First, a 0.01 M niobium stock solution was prepared by dissolving ammonium 

niobate(V) oxalate hydrate in deionised water. Then, a quantity of this solution was 

added to the vanadium(IV) precursor solution to form a solution with a Nb/V molar ratio 

of 1.25%. 

 

4.1.2.3. Film analysis  

The nanoparticles were characterised by X-Ray Diffraction (XRD) using a Stoe 

StadiP diffractometer in transmission mode (coupled θ-2θ geometry), with the sample 

sandwiched between two plastic foil disks held together with a thin layer of silicon grease 

(λ = 0.709 Å, 2θ = 2° to 40°, 0.02° per step). XRD patterns were compared to ICSD 

reference pattern for monoclinic VO2 (ICSD 34033). The morphology of the powder were 

determined by Scanning Electron Microscopy (SEM) using a JEOL JSM-6700 (3 kV). X-

ray photoelectron spectroscopy (XPS) was performed on powder using a Thermo 

Scientific K-alpha spectrometer with monochromated Al Kα radiation, a dual beam charge 

compensation system and constant pass energy of 50 eV (spot size 400 μm). Spectra 

were recorded from 0 to 1200 eV.  Transmission electron microscopy (TEM) images 

were collected using a TEM Jeol 2100 at an acceleration voltage of 200 kV. The 

termochromic properties of the nanoparticles were determined using a Perkin Elmer 

Lambda 950 UV-vis-NIR spectrophotometer that was equipped with a homemade 

heating unit. The thermochromic properties of the film were measured in accordance 

with the procedure detailed in chapter 2 (cf. 2.1.2.3.).  
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4.1.3. Results and Discussion 

4.1.3.1. Continuous hydrothermal flow synthesis and 

characterisation  

Direct and continuous production of VO2 nanoparticles (NPs) were performed 

using CHFS. The NPs were synthesised in one step as a black powder suspension, 

which was cleaned and turn into black powder through freeze-drying. 

X-ray diffraction (XRD) analysis confirmed the synthesis of phase-pure VO2(M) 

nanoparticles for both samples (matched the reference ICSD 34033) (Fig.73). No 

additional phase was observed for the undoped sample. The Nb-doped sample, 

however, showed an additional broad feature at the angle 2θ ~ 5°. The latter corresponds 

to the silicone-based matrix used for the samples preparation 263. 

This is the first time that monoclinic VO2 nanoparticles has been directly 

synthesized by CHFS without any additional step. Previous studies, which has reported 

the synthesis of VO2(M) NPs by CHFS, showed to produce a mixture of VO2 phases NPs 

that required an additional post-annealing step at 600°C to obtained the desired phase-

pure VO2(M) 257. The direct production of VO2(M) NPs, in this work, is most likely due to 

the higher reaction temperature used (ca. 402°C), which could allow the full conversion 

to the monoclinic phase compared to temperature used in previous work (ca. 335°C). 

Furthermore,  

Furthermore, manufacturing VO2(M) directly in a continuous process is an 

interesting approach as main synthesis methods, such are batch hydrothermal 

synthesis, usually require a long reaction time (24 to 48 hours) and it is hardly 

reproducible 88,264. Moreover, the precursors used in those synthesis techniques are 

often hazardous such as hydrazine. In this work, relatively benign precursors were used 

including water and oxalic acid, which is commonly used for removing rust deposits.  

The full width at half maximum (FWHM) values of the samples XRD pattern were 

estimated and showed in table 21. The undoped sample had a good crystallinity with 

relatively narrow peak broadening (FWHM ~ 0.32 ± 0.01) as shown in table 21. The Nb-
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doped sample, however, showed a higher peak broadening with FWHM ~ 0.52 ± 0.03. 

Considering that both samples have similar particle sizes, the peak broadening due to 

particle sizes effects approximatively equal. Therefore, this could suggest that niobium 

dopant negatively impact the material’s crystallinity. It was observed a decrease in 

relative intensity of the [011] peak in the Nb-VO2 XRD pattern. This could be due to strain 

effects or disorder in the VO2 crystal lattice upon Nb incorporation. It could be also due 

to thedifference in electron density between Nb5+ and V4+ species.  

The crystal lattice parameters of both samples were estimated from refinement 

of XRD patterns, and are shown in Table 22. They were attributed to the monoclinic M2 

phase (space group C2/m), which was previously described in chapter 1 (cf. section 1.4) 

265. The M2 VO2 phase, which has attracted interest for MIT studies, can be stabilized 

by doping or stress-induced processes 265,266. 

Table  21: Full width at half maximum of (001) peak for the VO2(M) and Nb-VO2(M) XRD patterns. 
Calculated via Origin software with Person VII peak function. 

Samples Undoped VO2(M) NPs Nb-doped VO2(M) NPs 

FWHM 0.32 ± 0.01 0.52 ± 0.03 

 

Table  22: Crystal lattice parameters for undoped VO2(M) and Nb-doped VO2(M) at room 
temperature. 

Samples 
Crystal Lattice Parameters (Å) Angle (°) Cell Volume 

V a b c β 

VO2(M) 
9.133 

(0.001) 

5.674 

(0.001) 

4.495 

(0.001) 
90.69 (0.02) 

232.920 

(0.060) 

Nb-VO2 (M) 
9.088 

(0.002) 

5.784 

(0.001) 

4.514 

(0.001) 
91.47 (0.01) 

237.300 

(0.100) 
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Figure 73: XRD patterns of VO2(M) and Nb-VO2(M) nanoparticles synthesised from CHFS. 

The surface morphology and the microstructure of the undoped VO2 NPs were 

determined by SEM and showed in Figure 74. The SEM images showed a round-shape 

morphology as well as a high uniformity of the sample. The latter highlights the ability for 

CHFS process to produce consistent quality NPs in a short time. The NPs morphology, 

however, is in contrast with previous work, which showed that VO2 NPs synthesised by 

CHFS had rod-like particles morphology 257. This could suggest that the higher reaction 

temperature used in this study (402°C) promoted rapid nucleation that were observed as 

rounded nanoparticles. The crystallite sizes of the undoped and Nb-doped VO2 samples 

were estimated by applying the Scherrer equation to the XRD data. The undoped VO2(M) 

NPs revealed higher crystallite sizes (ca. 12 nm) than the Nb-doped NPs (ca. 7 nm). 
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Figure 74: SEM images of undoped VO2(M) powder 

 TEM analysis was performed to determine the particle sizes of the undoped VO2 

and Nb-doped VO2 samples. The TEM images are shown in figure 75. The images 

revealed the formation of a mixture of spherical and hexagonal particles in both samples. 

Lattice fringes showed that the d-spacings matched the monoclinic VO2 phase for both 

samples. Furthermore, the particle size analysis showed that undoped VO2 NPs had an 

average particle size of 33 ± 13 nm. While, Nb-doped VO2 NPs showed an average 

particle size slightly higher of 39 ± 13 nm (Fig. 76). The NPs produced in this study have 

a particle size smaller than those reported in previous studies, which were in the range 

from 50 to 200 nm. In addition, an additional post-annealing step was necessary to obtain 

the phase-pure VO2, which can significantly increase the particle sizes as well as give 

rise to risk of oxidation.   
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Figure 75: TEM images of a) undoped VO2 and b) Nb-doped VO2. Lattice fringes of c) undoped 
VO2 and d) Nb-doped VO2.  
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Figure 76: Particle size analysis of the phase-pure VO2 and Nb-doped VO2 samples (50 particles 
per distribution) showed average particle sizes of 33 ± 13 nm (top) and 39 ± 13 nm (bottom). Data 
collected by Dr. Ian Johnson. 

 Further analysis was conducted to determine the oxidation states of vanadium 

and niobium in VO2 and Nb-VO2 samples. Figure 77 shows the XPS spectra of the V 

2p3/2 and Nb 3d5/2 environments in both samples. The V 2p3/2 core-level peak of the VO2 

sample could be fitted with two peaks at binding energies of 514.8 and 516.eV. The latter 

were assigned to the vanadium oxidation state V4+ and V5+, respectively. This indicated 

a partial oxidation of the sample, with the presence of V2O5 at the extreme surface of the 

powder. This is due to the storage of the sample, in air and at room temperature, which 

enabled the formation of a V2O5 passivation layer. The same observations applied to the 

Nb-doped sample. The Nb 3d5/2 core-level peak of the Nb-VO2 sample showed the 

presence of the niobium oxidation state Nb5+ at the binding energy of 207.0 eV. The Nb 

dopant, however, did not show to have any significant effect on the vanadium oxidation 

states as both samples had similar V4+ : V5+ ratios (ca. 33 : 67). This is in contrast to 

previous work, which showed significant changes in V4+ : V5+ ratios upon Nb incorporation 
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– resulting in a higher presence of V4+ ions in the Nb-doped VO2 sanple258. All the above 

binding energies are in agreement with literature values (±0.2 eV)137,267. 

 The Nb 3d5/2 core-level peak was modelled to determine the atomic percentage 

(at%) of niobium dopant in the doped sample. A genuinely low percentage was measured 

(< 1 at%) – making the impact of the Nb dopant on the sample questionable. This could 

be related to the niobium concentration in the precursor solution, which was used for the 

synthesis of the sample by CHFS. Piccirillo et al. 85 studied the synthesis of Nb-doped 

VO2(M) films using a chemical vapour deposition process, and highlighted that Nb 

incorporation into the films was observed only when the Nb/V molar ratio of the precursor 

solution reached a certain threshold of ca. 7.5%. Similar observations were found for 

APCVD processes 29. In this chapter, the precursor solution used to produce the sample 

by CHFS had a Nb/V molar ratio of 1.25%. This could explain the low atomic percentage 

of Nb dopant in the powder. Furthermore, unlike previous study, the undoped and Nb-

doped sample showed a similar V4+ : V5+ ratio as well as similar particle sizes – 

suggesting a low amount of Nb incorporation 258. Nonetheless, the XRD pattern of Nb-

VO2 showed some evidence of V4+ atoms substitution by Nb5+ atoms.  

 

Figure 77: X-ray photoelectron spectroscopy spectra of the V 2p3/2 and Nb 3d5/2 environments in 
a) undoped VO2 and b) Nb-VO2 samples. 
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4.1.3.2. Thermochromic properties  

The thermochromic properties were determined by recording samples’ 

transmittance spectra using UV-Vis spectroscopy in the UV-Vis-NIR regions. The 

spectra are shown in Figure 78. All samples displayed thermochomic properties, which 

were recognizable by the transmittance switch occurring in the NIR region. ∆TSOL, ∆TIR 

and TLUM were determined in accordance with the procedure detailed in Chapter 2 (cf. 

section 2.1.2.3.), and are shown in the table below: 

Table  23: Visible light transmittance Tlum at cold and hot state, solar modulation ∆Tsol and solar 

modulation in the NIR region ∆TIR for un-doped VO2 and Nb-doped VO2 samples. 

Samples 

Tlum (%)  
TSOLl  

(%) 

TIR  

(%) Cold 
State 

Hot State 

Un-doped VO2 14 14 3.8 7 

Nb-doped VO2 15 15 1.5 2.4 

 

 The VO2 and Nb-VO2 samples showed similar visible light transmitance, 

TLUM ~ 14 and 15%, respectively. The solar modulation of the VO2 sample was ∆TSOL ~ 

ca. 3.8%, which is in line with typical ∆TSOL for pristine VO2 141,74,158. The Nb-doped 

sample, however, displayed a low solar modulation (∆TSOL ~ 1.5%) and a poor efficiency 

for modulating NIR (∆TIR ~ 2.4%).  

Numerous studies have shown that Nb dopant had a positive impact on the MIT 

of VO2 material by reducing it 268,269. However, they have also demonstrated that Nb 

dopant lower visible light transmittance 270. Herein, both samples, the undoped and Nb-

doped, showed a typical MIT, as observed for pristine VO2(M) (ca. 68°C), and a similar 

TLUM. This could be due to the low Nb at% contained into the powder, which could be too 

low to have any effect on the thermochromic properties of the doped sample.  

Nevertheless, it is interesting to point out that the Nb-doped sample showed poor 

ability to modulate the NIR, which can be seen by a drop in ∆TSOL (1.5%) and ∆TIR (2.4%) 

when comparing to the undoped sample, ∆TSOL (3.8%) and ∆TIR (7%). As both samples 

had a smilar V4+ : V5+ ratio and similar particle sizes, this can be attributed to the low 

crystallinity of the doped sample. It has been demonstrated that poor VO2 crystallinity 

resulted in low solar modulation 158.  
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Figure 78: UV-Vis spectra of un-doped VO2 (top) and Nb-doped VO2 (bottom) at 20°C (blue 
dashed line) and 90°C (continuous red line). 

In sum, the VO2(M) NPs produced by CHFS in one step showed good 

thermochromic properties, which are in line with those reported in literature 128. Both 

samples, however, displayed low visible light transmittance (TLUM < 20%), which could 

be due to the samples preparation for optical measurements. Nonetheless, the samples 

showed an average particle size smaller, in the range of 33 to 39 nm, than those reported 

in the literature using similar synthesis process, between 50 to 200 nm 257. The latter is 

of great interest as an uniform dispersion of small NPs (below 50 nm) in a dielectric 

matrix, such as a polymer, could significantly increase the visible light transmittance. 

Figure 79 shows a schematic illustration of VO2(M) nanoparticles well-dispersed in a 

host. Zhou et al. 115 have demonstrated that nanoparticles below 50 nm weakly interact 

with the visible light 264. Moreover, each particle should be separated from the other by 

a minimum distance of 700 nm, which corresponds to the size of the visible wavelength. 

As a result, the interaction of the visible light with the nanoparticles will decrease, and 

therefore, increase the amount of the visible light passing through the film -  ensuring a 

maximum TLUM. While, NIR wavelengths, which are larger (> 780 nm), will still interact 
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with the NPs as it was a continuous VO2 thin film – maintening a good solar modulation 

(Fig. 79) 271. On the other hand, Nb dopant did not show to have any positive effect on 

both TLUM and MIT temperature. The Nb-doped sample only showed a lower solar 

modulation, which is most likely a result of differing degrees of crystallinity. 

 

Figure 79: Schematic illustration of VO2(M) nanoparticles well-dispersed in a host. The particle 
sizes are below 50 nm and are evenly dispersed in the matrix, where each particle is separated 
from the other by a minimum distance of 700 nm. This is to prevent the interaction of visible lights 
with the nanoparticles, while the latter can still interact with NIR wavelengths.  

 
4.1.4. Conclusion 

The direct continuous hydrothermal flow synthesis of VO2(M) and Nb-doped 

VO2(M) NPs were achieved at a mixer reaction temperature of ca. 400°C, from a 

vanadium(IV) precursor solution. Phase-pure VO2(M) was directly produced and, 

therefore, no post-annealing treatment was necessary. The VO2(M) NPs displayed good 

thermochromic properties, ∆TSOL of 3.8% and ∆TIR of 7%, but a low visible light 

transmittance (TLUM < 20%) which could be attributed to the sample’s preparation. On 

the other hand, the Nb-doped VO2(M) NPs displayed a low solar modulation, ∆TSOL of 

1.5% and ∆TIR of 2.4%, which is most likely due to the poor VO2 crystallinity. The Nb 

dopant did not have any positive impact on the TLUM and MIT temperature of the NPs. 

This could be due to the precursor solution used for the synthesis of the Nb-doped 

sample, which had a low Nb/V solution molar ratio of 1.25%.  

Despite the low visible light transmittance displayed by both samples, the TEM 

images showed an average particle sizes smaller than NPs produces by similar methods 
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(in the range of 33 to 39 nm, compared to particle sizes between 50 and 200 nm). This 

is a great advantage as the dispersion of these NPs, with such particle sizes, in a polymer 

matrix could significantly increase TLUM, while maintaining good solar modulation.
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5. Conclusion 

5.1. Overall conclusions  

This thesis has investigated various ways of producing VO2(M) thin films and 

nanoparticles, and improving their thermochromic properties, for energy-efficient glazing 

applications. 

 Monoclinic VO2 has been widely studied due to its thermochromic properties, 

which make it a promising material to use in home and commercial façade glazing for 

reducing energy consumptions. As a coating for energy-efficient glazing, VO2(M) has the 

potential ability to maintain a comfortable temperature in buildings, and therefore 

reducing air-conditioning and heating needs; Whilst maintaining a good visible light 

transmittance - allowing to keep reasonable lighting needs.  

 In this work, three different methods were used to produce VO2(M) thin films and 

NPs. Among those techniques, the well-known atmospheric pressure chemical vapour 

deposition (APCVD) - which is commonly used in industry - was used for the deposition 

of VO2(M) thin films. To do so, a vanadium precursor - vanadium(IV) chloride VCl4 - was 

used in the presence of an oxygen source, the ethyl acetate. The APCVD experimental 

conditions were optimized for improving the thermochromic properties of the films. This 

resulted, for the most efficient film, in a doubling of the visible light transmittance (TLUM), 

from 26 to 40%, and a fivefold increase in the solar modulation efficiency (ΔTSOL), from 

0.88 to 5.12%. These results showed that some parameters in the APCVD process 

played a significant role in the thermochromic properties of the films. As a result, the 

nitrogen flow rate of the plain lines was identified as the most significant parameter, 

whereby an optimal flow rate was necessary to obtain phase-pure VO2(M) and a good 

coverage of the substrate. The substrate preparation showed to have a moderate effect 

on ΔTSOL, however, an adapted cleaning process reinforced the adhesion of the film to 

the substrate. Finally, the thermochromic properties of the films showed to be dependent 

on the film thickness. A higher visible light transmittance could, therefore, be obtained 

by reducing the thickness of the film. The latter, however, caused a drop of the solar 

modulation. The reduction of the molar flow rate did not allow to circumvent this 
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challenge. Nonetheless, it allowed a significant increase of TLUM, from 33 to 50%, while 

maintaining reasonable ΔTIR (9.2%) for a single undopted VO2 film of 72 nm. A higher 

solar modulation was obtained with thicker films (125 nm), ΔTIR ~ 11%.  

Further improvements of the thermochromic properties were carried out by the 

synthesis of VO2-based multilayers by APCVD. It was shown that growing a 100-nm VO2 

layer on tantalum oxide film (Ta2O5) resulted in an improvement of the oxidation 

resistance of VO2, and therefore a higher thermochromic performance of the stack 

(ΔTSOL~ 6.3%, ΔTIR ~ 12.7%). Similarly, the ZnO buffer layer also showed to improve the 

oxidation resistance of VO2(M) film. Nevertheless, the buffer layer had a negative impact 

on the VO2 crystallinity and morphology – resulting in a decrease of the stack 

thermochromic performance. On the other hand, both VO2-based stack, VO2/SnO2 and 

VO2/Nb2O5, showed high visible light transmittances, which are in line with commercial 

windows, ca. 54% and 64%, respectively. The SnO2 layer, however, increased the 

oxidation of the VO2 layer, which negatively affected the thermochromic properties of the 

stack. 

 

Aerosol-assisted chemical vapour deposition (AACVD) was also used to produce 

VO2(M) thin films from a newly produced vanadium alkoxide precursor - [V(OBut)4]. 

Interestingly, the pure-phase VO2(M) was obtained only in the presence of air. This was 

the first time air was used as a carrier gas, the literature always reported the use of 

nitrogen for the synthesis of VO2(M) by AACVD 73,75.  The films, however, displayed poor 

thermochromic performance (ΔTSOL < 1%), which was most likely due to high proportion 

of gas phase reaction in the AACVD reactor. 

Nonetheless, [V(OBut)4] showed to be an ideal precursor for the formation of V2O3 

films with bixbyite structure, which had interesting gas sensing properties. This is the first 

time that bixbyite-type V2O3 has been synthesised as thin films using AACVD. Its 

functional properties were investigated and the films showed interesting abilities to 

interact with oxygen. Gas sensing characterizations showed that V2O3(C) displayed gas 

response to oxygen at relatively low temperature (150 to 250°C) in comparison with 
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commercial oxygen sensors (350-600°C). The films, however, displayed a long response 

and recovery time. Nonetheless, the films showed to be relatively stable over time 

compared to the V2O3(C) NPs produced in other studies 225, which showed a phase 

change after 3 months.  

 

Finally, continuous hydrothermal flow synthesis (CHFS), a lab-scale process that 

showed promising results for the production of nanoparticles (NPs) at semi industrial-

scale, was used to synthesize VO2(M) NPs. The direct synthesis of phase-pure 

monoclinic VO2 phase was achieved for the first time, from a vanadium(IV) precursor 

solution, with an average particle size smaller than 40 nm. The synthesis of Nb-doped 

VO2 NPs was also performed, and showed that the Nb-doped NPs had lower 

thermochomic performance, which was most likely due to the lower crystallinity of the 

NPs.   

 

5.2. Future work 

The results showed that increasing concomitantly the visible light transmittance and 

the solar modulation of VO2(M) film was challenging. However, VO2-based multilayers 

offer a promising approach to achieve this. Further work including computer simulations 

could be useful to determine specific VO2 multilayers-stack - containing different 

refractive index layers and with specific thicknesses - with the aim to increase light 

transmittance by reducing the visible light absorption/reflection of VO2 film.  

 

The V2O3(C) film showed to be a reasonable oxygen sensor but had a long response 

and recovery time. The latter could be due to the saturation of the active sites by water 

vapour molecules and carbonaceous species – as the characterizations were performed 

in a relative humidity of 85/90%, and XPS analysis showed a carbon contamination of 

the film. Therefore, further gas sensing characterizations could be done in a dry 

atmosphere for comparing the results. Furthermore, an optimization of the precursor 

solution could decrease the carbonaceous species on the film, in particular by 
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decreasing the amount of ethyl acetate, which showed to create carbon contamination 

in previous AACVD studies 83. 

 

The CHFS was shown to be an efficient process for the synthesis of VO2(M) NPs. A 

dispersion of the NPs into a polymeric matrix could significantly increase TLUM, while 

maintaining good solar modulation. Recent studies has shown that the use of 

polyvinylpyrrolidone (PVP) as a polymer allowed a good dispersion of VO2 NPs, and 

ethyl cellulose reinforced the adhesion of the film to the substrate 272,273. In addition, the 

embedding of the NPs in polymers such as polystyrene could also be consider due to 

the simplicity of the experiments. Although the NPs showed to be relatively stable over 

time, they slowly oxidized into V2O5, which does not have the same thermochromic 

performances than VO2(M). To stop the oxidation of the powder, it could be suggested 

to embed the VO2 NPs in a SiO2 shell. To do so, the use of Tetraethyl orthosilicate 

(TEOS) along with an ammonia solution showed to be a good way to coat the NPs one 

by one.
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