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Abstract: Functional thin films provide many opportunities for advanced glazing systems. This can be
achieved by adding additional functionalities such as self-cleaning or power generation, or alternately
by providing energy demand reduction through the management or modulation of solar heat gain or
blackbody radiation using spectrally selective films or chromogenic materials. Self-cleaning materials
have been generating increasing interest for the past two decades. They may be based on hydrophobic
or hydrophilic systems and are often inspired by nature, for example hydrophobic systems based
on mimicking the lotus leaf. These materials help to maintain the aesthetic properties of the
building, help to maintain a comfortable working environment and in the case of photocatalytic
materials, may provide external pollutant remediation. Power generation through window coatings
is a relatively new idea and is based around the use of semi-transparent solar cells as windows.
In this fashion, energy can be generated whilst also absorbing some solar heat. There is also the
possibility, in the case of dye sensitized solar cells, to tune the coloration of the window that provides
unheralded external aesthetic possibilities. Materials and coatings for energy demand reduction
is highly desirable in an increasingly energy intensive world. We discuss new developments with
low emissivity coatings as the need to replace scarce indium becomes more apparent. We go on to
discuss thermochromic systems based on vanadium dioxide films. Such systems are dynamic in
nature and present a more sophisticated and potentially more beneficial approach to reducing energy
demand than static systems such as low emissivity and solar control coatings. The ability to be able
to tune some of the material parameters in order to optimize the film performance for a given climate
provides exciting opportunities for future technologies. In this article, we review recent progress and
challenges in these areas and provide a perspective for future trends and developments.

Keywords: thin films; photocatalyst; self-cleaning; pollution reduction; energy efficient glazing;
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1. Introduction

There are an increasing number of tall glass fronted buildings for both residential and commercial
purposes being built. This is principally driven by high land costs in urban centres as well as for
aesthetic and comfort reasons [1]. The choice of materials for such buildings is to some extent driven by
the mechanical limits of traditional materials such as brick, which may collapse under the weight of the
building on top, or cost in the case of employing and maintaining external solid facades [2]. As such,
extensive glass facades are a prominent feature in modern architecture for more than just aesthetic
reasons. However, there are downsides to such features. For example, the energy demand of such
a building will be high. Glass is a poor thermal insulator, as such the use of heating systems in cold
climates and air conditioning systems in hotter climates results in higher electricity usage in order to
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maintain a comfortable internal environment [3]. This in turn leads to the greater increase in building
energy demand and therefore a greater use of fossil fuels and higher emissions of carbon dioxide and
other pollutant gases [4,5]. The growing amount of carbon dioxide emissions is contributing to the
problem of global warming, hence increasing the need for alternative technologies to heating and air
conditioning systems [6]. Increasing levels of airborne pollution also poses a significant problem as
this may cause fouling of the windows to occur and block the transmission of visible light reducing
the aesthetic and comfort aspects of the windows [7]. For taller buildings, this problem becomes more
expensive and labour intensive to resolve and for low and mid-rise building leads to a more regular
manual cleaning be required to maintain desirable window properties [8].

One strategy to address these challenges is the production of functional metal oxide thin films,
which can be used as window glazing coatings to construct ‘smart windows’ (those that have additional
layers that improve the performance or enhance the properties of the glazing unit). Such windows
have greatest use within constant climates (i.e., those that are largely invariant, e.g., constantly below
a comfortable room temperature) [3]. In cold climates windows with high solar transmittance
and low thermal emittance are desirable. These allow solar radiation into a building but stop
blackbody radiation from escaping and thus warming the building interior. In constantly hot climates,
materials that are transparent in the visible region but reflective in the infrared, such as thin metallic
coatings can be used to ensure the inside of the building remains cool. However, the materials used
in these solutions often require large quantities of indium which is becoming increasingly scarce
and more expensive; as such producing such coatings from these traditional materials is becoming
unsustainable [9]. Further to this such coatings however, are unsuitable for variable climates such
as in the United States of America and central Europe (amongst others) [10]. In these instances,
materials that have variable properties that change depending on the local environment are a better
solution. These chromogenic materials include several categories in response to an external stimulus,
such as thermochromic materials whose properties change depending on their temperature [11].

Thin films of functional metal oxides may also be used to produce coatings of self-cleaning or
pollution reducing materials. Such materials utilise sunlight to catalyse the breakdown of organic
materials such as airborne pollutants derived from the burning of fossil fuels [8]. They have also been
shown to breakdown problematic urban pollutant gases from internal combustion engines such as
nitrogen dioxide [12]. Further to this, recent research has shown how thin film dye sensitized solar
cells may be made semi-transparent and applied to glass. The potential benefit of such glazing is
large, not only will some solar heat gain be absorbed, reducing heating and thus lowering the cooling
load, but will also produce electricity that can further reduce the buildings external energy demand in
an environmentally friendly manner [13].

This review will discuss some of the latest trends and research in self-cleaning and pollution
reducing coatings, energy demand reduction and energy generation for building glazing that has
appeared in the literature until early 2015.

2. Self-Cleaning Glazing Applications

Self-cleaning glass is a well-known technology that has been widely developed as a coating
material for the external envelopes of buildings within the last decade. Although certain maintenance
is required, self-cleaning glazing technology enables great labour saving as well as sustainability and
less cleaning chemical products are needed [14].

The fast development of self-cleaning glazing can be partially attributed to the increasing demands
of technologically competitive glazing which required the development of multifunctional coatings.
In 2001, Pilkington Glass became the pioneer in commercialising self-cleaning windows with Pilkington
Activ™ (currently Activ Clear). This product was followed by some other types of self-cleaning glass
with additional properties; for example, Pilkington Activ™ Blue and Pilkington Activ™ Bronze
combine the benefits of the Pilkington Activ™ Clear coating on body tinted glass to provide some
additional solar control to provide some additional solar control functionality to keep the inside of
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the building cooler. Likewise, Pilkington Activ Sunshade™ Neutral and Pilkington Activ Sunshade™
Blue offer enhanced solar control through the addition of the Pilkington Sunshade™ coating on the
inner pane of the glass; ideal for conservatory roofs and walls. After the release of Pilkington Activ™,
many other companies started to commercialise self-cleaning glazing as a product itself and also
combined with solar control. This was the case for Bioclean™, which is a range of products released
by Saint-Gobain Glass. There is a variety of products in the Bioclean™ range with low self-cleaning
maintenance properties and high solar control performance [15,16]. Other products such as PPG’s
Sunclean™ [17] and Varidian Renew™ [18] self-cleaning coating can be used in conjunction with solar
control glass.

Self-cleaning glazing is mainly divided into two categories: hydrophilic and hydrophobic.
In both cases, the self-cleaning effect is produced through the action of water by forming water
sheets (hydrophilic) or by forming rolling droplets (hydrophobic) that carries away dirt. Nonetheless,
hydrophilic coatings have the additional property of breaking down the dirt on the surface under UV
irradiation in a chemical process called photocatalysis.

Titanium dioxide is still considered the most suitable material for hydrophilic self-cleaning coating
due to its high photocatalytic performance, transparency, chemical stability and low cost. Other coating
materials such as vanadium oxide have been reported to show high photocatalytic performance [19]
but their low optical transparency make them rather unsuitable for glazing applications. Attempts to
improve titania photocatalytic performance have included doping with metals [20], co-doping [21]
and coupling with highly conductive semiconductors such as graphene [22].

Hydrophobic surfaces for self-cleaning applications have also been extensively investigated [23,24].
However, these materials have not beaten the advantageous properties of titania thin film hydrophilic
surfaces in terms of life expectancy and performance. Whereas hydrophilic surfaces can be used
for at least 25 years, hydrophobic surfaces have a much shorter life expectancy of 3–4 years which
has been attributed to a result of mechanical abrasion from weathering, necessary maintenance
work and to the degradation nature of pollutants. Moreover, after some weathering and in contrast
to hydrophilic surfaces, hydrophobic coatings may show poorer self-cleaning performance when
compared to untreated float glass [25].

Generally speaking, self-cleaning surfaces encounter the same kind of limitations frequently
related to durability, reduction of visual transmittance, functionality and instability at high
temperatures [26]. Therefore, future research pathways should aim to overcome these limitations for
commercial use in glazing.

2.1. Fundamental Mechanisms in Self-Cleaning

2.1.1. The Hydrophobic Self-Cleaning Mechanism

Hydrophobicity is strongly dependent on the surface topography and chemical structure.
Cassie and Baxter [27] described a model in which the contact angle is determined by the surface free
energies of solid-liquid, solid-gas and liquid-gas boundaries. For heterogeneous surfaces, any water
droplet is not entirely in contact with the rough surface and some air bubbles will be trapped at the
interface (Figure 1a). The self-cleaning mechanism arises from the poor contact area of dirt particles on
the rough surfaces resulting in low adhesion forces. Dirt particles would be easily trapped by water
droplets placed on the surface since capillary forces would prevail over adhesion forces of the particle
and the surface and, as a result the dirt is washed away [28].

Neinhuis and Barthlott [29] accomplished the first comprehensive experimental study on the
self-cleaning action of hydrophobic coatings by investigating different plants and contaminants.
They described the hydrophobic self-cleaning process as the Lotus-Effect from the observations of the
lotus leaves. Almost perfect spherical droplets of water form on the surface trapping the dirt that will
be carried away before the water evaporates. It was observed that in smooth surfaces with high contact
angles water droplets tended to disperse contaminants, whereas in rough surfaces with high contact
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angles, water droplets could trap contaminants and remove them from the surface. The difference
between advancing and receding angles is known as hysteresis (Figure 1b) and ideally should be as
close as possible to zero. In other words, low hysteresis angles mean that drops would roll easily
along the surface at low surface inclination angles. Generally, it is considered that the requirements for
a self-cleaning hydrophobic or superhydrophobic surface is a static contact angle >160◦ and a very
low roll-off angle (<10◦), i.e., the minimum inclination angle necessary for a droplet to roll off the
surface [26].
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Figure 1. (a) Droplet over a patterned heterogenous surface; (b) definition of advancing (θadv) and
receding (θrec) contact angles for a moving droplet on an inclined surface (hysteresis) [30].

2.1.2. The Hydrophilic Self-Cleaning Mechanism

Hydrophilic self-cleaning windows are coated with a thin transparent layer of titanium dioxide.
The self-cleaning mechanism arises from the combination of two properties; photocatalysis and photo
induced hydrophilicity. Thus, photocatalysis causes the chemical break down of the organic matter
absorbed on the surface while photo induced hydrophilicity causes water to form sheets, which washes
away dirt.

The self-cleaning mechanism can be explained by studying the TiO2 band gap under UV
irradiation (Figure 2). When titania absorbs light with the same or greater energy than its band
gap (3.2 eV for anatase and 3.0 eV for rutile), an electron-hole pair is generated which may
undergo recombination on the surface (a) or in the bulk of the semiconductor (b). On the surface
the holes cause the oxidation of nearby organic molecules (c) while the electrons combine with
atmospheric oxygen to generate superoxide radicals that also decompose such organic matter (d).
This decomposition reaction typically gives CO2 and H2O as products. Likewise, the photo induced
hydrophilicity or superhydrophilicity mechanism of titania can be explained by the photo-generated
charge carriers. Mills et al. [31] argue that one of the possible mechanisms for this is that photo
generated holes get trapped in the titania lattice thereby weakening the bond between titanium and
oxygen. As a consequence, an oxygen vacancy is produced and thus the dissociative adsorption of
water at the site to make it more hydroxylated. The resulted surface is unstable and, with time,
when placed in the dark, the newly formed hydroxyl groups desorb to form hydrogen peroxide or
water and oxygen- leaving an oxygen vacancy. Thus, the photo-induced superhydrophilic titania
returns to its hydrophilic state when stored for a long time in the dark.
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2.2. Hydrophilic Self-Cleaning Glazing Today

The search for improvements in self-cleaning glazing has led to the investigation of new
compounds with photocatalytic properties. The combination of hetero-nanostructures such as
AgCl/BiOCl [33] and ZnO/In2O3 [34] by chemical co-precipitation methods have been reported to
show high photocatalytic performance in the visible. Bismuth germanate compounds (Bi12GeO20) [35]
and other compounds such as BaM1/3N2/3O3 (M = Ni, N = Nb, Ta) [36] have reported to give good
photocatalytic performance but the potential for self-cleaning glazing is limited as they have been only
studied in powder form. Many metal oxides and sulphides such as WO3, ZnO and CdS along with
polyoxometallates have been also investigated over the years but none of these have showed better
photocatalytic results than titania using light alone [8].

2.2.1. Improvements in TiO2 Self-Cleaning Properties

Novel methods such as electric field assisted chemical vapour deposition of TiO2 thin films
have been shown to give excellent photocatalytic results (very fast dye degradation half-life values
of 2.5 min) by the induction of changes in the morphology and particle size of the semiconductor
microstructure as well as changes in the crystal orientation [37]. In particular, it has been reported
that the induction of AC electric fields produces more favourable modifications in titania thin films
than DC electric fields [38]. Some other methods aim to increase the photo response in the visible light
range such as the incorporation of nanoparticles into TiO2 coating, coupling with visible light absorber
semiconductors and doping with different metals.

2.2.2. Phase Separated Semiconductors

The photo activity, as measured by organic material degradation, of TiO2 can be improved
through integration with other photoactive materials to form phase-separated semiconductors as
incorporated nanoparticles or as a separate layer forming hetero-nanostructures. In both cases,
the enhancement of photocatalysis is produced by a compatible coupling of band gaps which favours
the effective separation of charged carriers at the interfaces of coupling phases and an increase of
the photo response in the visible [39]. Metal nanoparticles can be incorporated into TiO2 assisting
photo-catalysis by separating charge carriers. Excited electrons are transferred from the conduction
band of the semiconductor to the metal preventing recombination. Electrons accumulated on the metal
particle surface can reduce adsorbed species and thus increase photocatalytic rate. At the interface,
electrons and holes migrate between phases depending on the relative energies of their conduction and
valence bands [8]. Incorporation of silver [40] and gold nanoparticles [41] to mesoporous titania coatings
via sol-gel processes have reported to increase the photocatalytic rate by increasing the photo response
of TiO2 in visible light. The exposure of nanoparticles to the medium may result in undesirable
corrosion or dissolution of metals during repeating photocatalytic reactions which can be avoided by
incorporating the metal into titania as core-shell nanocomposite [42].
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Hetero-nanostructures formed by coupling titania with visible light absorbing semiconductors,
such as bismuth based semiconductors, are another possibility to induce photocatalysis and
super-hydrophilicity. Hierarchical flake-like Bi2MoO6 on TiO2 nanoparticle film substrate produced by
the solvothermal process showed an important improvement of the photocatalytic performance by
enhancing the visible light absorption [43]. This was attributed to a combination of controlled factors
such as surface morphology and adequate coupling of both semiconductors band-gap. Bismuth based
hetero-nanostructures have been reported as excellent photosensitizers due to their narrow band
gap (~1.4 eV) which allows light harvesting in the visible range. In addition, the conduction band
energy is approximately 0.26 eV higher than that of TiO2 [44] which allows for fast injection
of photo-generated electrons from the bismuth based semiconductor into the TiO2 conduction
band [43]. Hetero-nanostructures of other compatible materials in determined structures such as
Cu2O-TiO2-ZnO have been also reported to enhance photocatalytic properties by inducing interfacial
states and energy band differentials, which favour electron transitions and inhibit photo-generated
electron-hole recombination. In this study, it was observed that the photocatalytic performance of the
hetero-nanostructure Cu2O-TiO2 remarkably increased with the incorporation of ZnO nanoparticles
on the surface which as attributed to an increase of surface area and active sites for photochemical
reactions [45].

2.2.3. Doping

Non-metal doping using nitrogen (N) or sulphur (S) has been the most used method to reduce
the titanium dioxide band gap in order to increase the absorption of visible light thus improving
photocatalytic activity. However, doping has been found to be limited for self-cleaning applications due
to an increase of recombination rates resulting in lower photocatalytic activity than pure TiO2 [46,47].

Nitrogen and fluorine co-doping have been reported to produce better photocatalytic performance
than pure TiO2 [48]. This has been attributed to a synergy effect between the increase in absorption
in the visible by N-atoms and the formation of new active sites by F-atoms [49]. Transparent C-F-N
co-doped titanium dioxide thin films produced by the sol-gel method have been reported to show
strong visible-light absorption and high photocatalytic performance. In addition, the increase in surface
roughness produced by the co-doping induced a superhydrophilicity even under dark conditions [48].

2.3. Multifunctional Hydrophilic Self-Cleaning Coatings

Current investigations aim to further develop integrated self-cleaning coatings with other
materials mostly related to building energy cost saving. UV-light cut and low emissivity self-cleaning
glazing can be achieved by integrating CeO2 and TiN with TiO2 via sol gel processing [50]. The benefits
of integrating antireflective properties with self-cleaning coatings using typically sol-gel processing
and sputtering processes have been reported [51–53]. It is well known that in photovoltaic cells glass
transparency is strictly linked with efficiency which is believed to drop by 33% per 1 g/m2 of dust
accumulation on the surface [54]. Other studies on the combination of renewable power generation
and destruction of air pollutants in urban environments reported gain of 2.65% after measurements
under standard test conditions with antireflective glass [55].

Hydrophilic Self-Cleaning Coatings Today

Nanocomposites of TiO2 nanoparticles in silicon- based polymers produced by sol-gel processes
have been reported to show excellent self-cleaning properties and good mechanical properties [56,57]
which make them highly suitable for outdoor applications. Similarly, nanocomposites produced from
titanium and silicon alkoxides in the presence of oxalic acid have been reported to show excellent
photocatalytic properties on stone with potential commercial applications as protective coatings of
building materials [58,59]. Further investigations have integrated antireflective, water-repelling and
self-cleaning properties from methyl modified SiO2 and TiO2 bilayer highly suitable for photovoltaic
cells [23].
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2.4. Conclusion and Outlook for Self-Cleaning Glazing

Although important developments have been made in self-cleaning glazing, there are still
limitations with existing coatings such as durability, reduction in visual transmittance or function of
coatings [26].

The heterogeneity of between the coating and the glass substrate is believed the main cause of the
lack of durability of architectural materials [26] which companies such as St. Gobain or Pilkington try
to overcome by fusing the coating to the glass substrate while it is molten during the online chemical
vapour deposition. The pyrolytic deposition of the coating during the manufacturing process enables
a strong chemical bond, which ensures higher durability.

Nevertheless, long-term stability is still a critical challenge for hydrophobic self-cleaning
coatings [60]. The micro and nano-scale surfaces are more sensitive to mechanical stress than common
surfaces. Affected surfaces can be repaired by passive generation; by self-assembly or active repair
process. In the second approach particles are deposited at surface defects and their conglomerates replace
the original structure and thus functionality is recovered. However, self-cleaning hydrophobic coatings
still face short life expectancy (3–4 years) and low performance for outdoor applications. The main
problem for hydrophobic self-cleaning coatings is the mechanical abrasion which is believed to
decrease by enhancing hierarchical roughness (Figure 3) [61]. Thus, the Cassie state is stabilised by the
presence of roughness at two different scales; robust micro-scale bumps that provide protection against
mechanical abrasion to a nanoscale roughness, which ensures the non-wettability of the surface [61].
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There is a drive to develop new materials that have strong mechanical properties and great
absorbance in the ultra-violet and, partially, in the visible spectrum to enhance photocatalysis.
Some experts appoint that the development of strong transparent materials is the future in the glazing
industry. These materials could be strong enough to replace frames in windows and used in spacers at
the same time that allow light go through [25].

Further development of titanium dioxide thin films for self-cleaning applications should also
address the breakdown of inorganic matter on the surface. The limited applications to the breakdown
of organic matter (but not inorganic matter) make this kind of coating rather unsuitable for coastal
areas where salt from sea mist can be deposited in the windows. As such additional cleaning would
be necessary for good maintenance of the glazing [8,21]. Glazing for these types of areas also pose
a challenge in terms of mechanical strength, as the impact of sand and other inorganic particles on the
window surface can deteriorate the glazing much quicker.

However, one facet of the future of the glazing industry will be to produce multi-functional
windows, which combine different materials with various functions. This kind of glazing could
combine self-cleaning coatings not only with anti-reflection properties but also with chromogenic or
photovoltaics properties, depending on the buyers’ needs.

One of the most outstanding applications for self-cleaning surfaces is for use in building integrated
photovoltaics (BIPV). This is considered a promising technology due to its dual action as both a building
envelope material and a sustainable energy source. BIPVs integrated into windows are called solar
glazing, and have the potential to significantly reduce the overall building material costs as well as the
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resulting building energy generation costs, by offsetting the amount of energy required in the building
from non-sustainable sources i.e., fossil fuel burning power stations. However, the maintenance of this
technology can be expensive, and this is where self-cleaning technology will prove very useful, as the
accumulation of dirt affects the performance of photovoltaic cells. Thus, the integration of self-cleaning
technology in solar glazing is highly desirable [25].

3. Energy Efficient Glazing Applications

The energy required for the heating and cooling of modern buildings accounts for around
40% of global energy consumption and 30% of all carbon dioxide emissions [58,59]. These numbers
will continue to grow as more areas of the world become developed and more buildings are
constructed [62–64]. A variety of approaches, such as installing more efficient heating (e.g., heat pump
rather than electric hot water systems) [65] and renewable power systems (e.g., solar energy as
a power source) [66], have been applied to reduce building energy demand. Moreover, the usage
of energy efficient glazing is another important approach because untreated glass is a poor heat
insulator whereby windows become a major heat transfer path between the inside and outside of
buildings, resulting in unwanted heat transfer [63,64]. This is especially true in modern architecture,
where a larger proportion of the exterior wall is designed and constructed with glass façades to be
aesthetically pleasing and space efficient, but this also provides an additional challenge to its thermal
efficiency [64].

Low emissivity (Low-E) and solar control windows are two types of widely used energy efficient
glazing, specifically designed for cold and warm climate dominant areas, respectively. Windows with
low thermal emittance are produced by depositing spectrally selective coatings on the glass surface,
such as transparent conducting oxides (TCO) or thin metal films, which maintain their transparency
in solar wavelength (0.3 to 2.5 µm) and reflective in thermal radiation range (3.0 to 50 µm). For solar
control glazing, the coatings are required to be highly reflective since the beginning of near infrared
pertinent (0.7 to 50 µm) and also transparent to the visible light (0.3 to 0.7 µm) [67,68], as illustrated in
Figure 4.
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3.1. TCO Materials as Energy Efficient Coatings

Transparent conducting oxides can be used as energy efficient coatings if they have a wide band
gap (usually greater than 3 eV) which enables them to transmit light in the visible spectrum and
have a high carrier density (1020 to 1021 cm−3) that can induce plasma reflection at the beginning
(solar control application) or middle (Low-E application) range of near infrared light.

Figure 5 shows the optical spectra of a typical Low-E TCO material, in addition to its good
visible transparency, a decrease in transmission and increase in reflection can be observed at longer
wavelengths (>1500 nm). This transition, corresponding to a maximum in absorption, is referred to as
the plasma wavelength.
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Based on the above theories, a large number of doped wide band gap TCO materials can be
used for energy efficient coatings. In the following part, three representative transparent conducting
oxides, including tin-doped indium oxide (ITO), fluorine-doped tin oxide (FTO) and group-III elements
(such as Al and Ga) doped zinc oxide (AZO and GZO), are selected and we will introduce the existing
application of these materials in glazing industry as well as recent research highlights.

3.1.1. Tin-Doped Indium Oxide (ITO)

As one of the most popular and earliest studied TCO materials, tin doped indium oxide
films (ITO) often exhibit high electrical conductivity, optical transparency and infrared reflectance
together, which make them attractive for use in a variety of applications from liquid crystal displays,
transparent electrodes in solar cells to heating-reflecting mirrors [70,71].

High quality ITO coatings have been grown by several deposition techniques including magnetron
sputtering [72,73], chemical vapour deposition (CVD) [74], sol-gel [75], spray pyrolysis [76], and pulsed
laser deposition (PLD) [77] on a glass substrate. For example, Banerijee et al. reported the visible
transmission and infrared reflection (at 2100 nm) of magnetron-sputtered ITO films could reach ~90%
and ~75%, respectively [72]. In addition, high visible transmittance (>80%) and infrared reflection
(~70% at 2500 nm) are observed in ITO thin films prepared by Aerosol Assisted CVD (AACVD) [74].
The plasma wavelength of ITO (~1800 nm) is located in the middle range of near infrared light, so it
is suitable for Low-E applications. Rydzek et al. fabricated ITO films with the sol-gel dip coating
method and the resultant coatings exhibited good optical transparency (>80%) and a low emittance
value (0.19) [75]. Frank et al. reported that, in addition to the good visible transmittance (>80%),
the reflectance (at 1500 nm) of spray-deposited ITO films could increase from 10% to more than 80%
when the carrier density was enhanced from 5 × 1020 cm−3 to 13 × 1020 cm−3, accompanied by the
plasma wavelength shifting from the middle (~1700 nm) to the beginning range (~1120 nm) of near
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infrared light, as shown in Figure 6 [76]. Moreover, from Kim et al.’s study, the carrier concentration in
ITO films prepared by PLD could reach 8–13 × 1020 cm−3 with high visible transmittance (85%–90%)
and infrared reflectance (75% to 85% at 2500 nm) [77].

These results all support the use of tin-doped indium oxides as solar control or Low-E coatings,
whereby it is easy to control the film performance by changing the deposition method and parameters
(such as deposition temperature, film thickness and doping concentration) to meet different energy
saving demands. Commercially, most ITO coatings for architectural glazing are deposited by vacuum
sputtering, such as in the Yaohua ITO coated glass production line [78].
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3.1.2. Fluorine-Doped Tin Oxide (FTO)

In spite of its excellent optoelectronic performances, the scarcity of indium has been regarded as
a serious problem for the usage of ITO [79], thus the development of alternative TCO materials has
attracted great attention. Fluorine doped tin oxide is a similarly high performing TCO material that
has been successfully used in low-E glazing, such as Pilkington K-glass™ [80] and AGC AO™ series
glass [81].

Back in the early 1980s, conductive F-doped tin oxide films with high optical transmission
(>80%) and infrared reflection (~70% at 2500 nm) had been produced on glass surfaces by spray
pyrolysis [82], representing FTO was a good candidate for low-E coating. Nowadays, chemical vapour
deposition, especially atmospheric pressure CVD (APCVD), is the most commonly used method for the
production of FTO [83]. For example, the F: SnO2 coatings on Pilkington K-glass and AGC AO series
glass are all deposited by APCVD on a float glass production line. Aside from these well-established
commercial products, in recent years, specific research has been conducted to further improve the
optical performance of the FTO coating. Bhachu et al. reported the 1.6 at % F doped SnO2 films
deposited by AACVD could show high charge carrier density (5.7 × 1020 cm−3), visible transmittance
(~80%) and reflectance in the IR range (80% at 2500) together, which is superior to that of Pilkington-K
glass™ (TEC 8) [84].

However, the carrier concentration in Fluorine Tin Oxide cannot be further enhanced, probably
due to a doping limit, to enable a shift in the plasma wavelength to the beginning range of infrared
light; therefore, FTO, whilst an excellent Low-E material, is not suitable for solar control applications.

3.1.3. Group-III Elementals Doped Zinc Oxide

In the last decade, zinc oxide has been extensively investigated due to its large band gap,
high chemical and thermal stability, low cost, no toxicity and ease of fabrication [85,86] As a result,
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high carrier density based ZnO becomes a promising candidate for new energy efficient coatings.
Group-III elements, including Al and Ga, are two common n-type dopants for ZnO, and they have
been successfully incorporated in zinc oxide through a variety of deposition methods.

High quality Al or Ga doped ZnO films have been fabricated by CVD techniques since the early
1990s. Hu et al. first prepared Al-doped and Ga-doped ZnO from APCVD, whereby the films exhibit
high carrier density (up to 8.0 × 1020 cm−3), visible transmittance (>80%) and infrared reflectance
(up to 90% in the far infrared range) [87,88]. However, the precursor they used, such as diethyl zinc
and dimethyl zinc, are pyrophoric and quite expensive, so few studies followed on APCVD ZnO after
that. Moreover, Bhachu et al. found that the carrier concentration in ZnO:Al films prepared by AACVD
could reach 4.35 × 1020 cm−3 combined with favourable visible transmittance (~76%) and infrared
reflectance (35% at 2500 nm), but diethyl zinc was still used as a zinc precursor [89]. Several recent
studies report transparent conductive GZO films successfully produced by AACVD using low-cost
zinc and gallium acetylacetonates, and the best sample could exhibit high carrier concentration
(4.22 × 1020 cm−3), visible transparency (84.7%) and infrared reflection (48.9% at 2500 nm), which is
close to that of Pilkington-K glass, as shown in Figure 7.
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Sputtering is another widely used method to fabricate doped ZnO coatings on glass surfaces.
The obtained film performance is often superior to that produced by CVD. Kim et al. prepared AZO
films using the R.F. magnetron sputtering method, and the coatings show good optical transparency
and high infrared reflection (~70% at 2500 nm) [90]. Ma et al. found that the ZnO:Ga films deposited
by DC reactive magnetron sputtering could obtain a 90% visible transmittance and 72% infrared
reflectance at 2500 nm. The carrier concentration was as high as 2.5 × 1021 cm−3 and the plasma
wavelength (~1340 nm) was near the beginning range of infrared light [91]. In summary, from the
perspective of opto-electrical performance, Al or Ga doped ZnO films could meet the requirements for
Low-E and solar control applications.

3.2. Conclusion and Outlook for Energy Efficient Glazing

Basing on the above observations, we can see that Indium Tin Oxide and Fluorine Tin Oxide have
already been very successfully utilized as energy efficient coatings by the glazing industry. The carrier
density in sputtered ITO coatings is easy to be tuned between 1020 and 1021 cm−3 to meet Low-E
or solar control applications. However, the scarcity of Indium and high cost of vacuum deposition
systems limit its further application. Alternatively, FTO coatings can be produced by APCVD on a float
glass production line, making them popular in Low-E glazing but not for solar control window since
the carrier concentration in FTO is hard to surpass 1021 cm−3.
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Developing new energy saving materials with a cost-effective method is the trend as well as the
challenge for future glazing industry. The best candidate for new TCO material could be group-III
elements doped zinc oxide. The AZO and GZO films produced by sputtering or CVD method could
meet the optical requirement for Low-E coating or solar control application. However, in order to
produce these ZnO coatings via the large-scale APCVD route, more research work is needed to develop
stable and inexpensive zinc precursors. As to the novel low-cost deposition method, we believe the
aerosol assisted chemical vapour deposition could be a potential choice. The main advantage of
AACVD compared with other CVD methods is it provides a wider choice and availability of precursors
for high quality CVD products [92]. In addition, it is a simple and potentially industrially scalable
process with low maintenance and set-up costs [93,94].

4. Solar Cell Glazing Application

With increasing acceptance of the environmental concerns initially expressed by scientists more
than 25 years ago [95] coupled with the escalating cost and demand for readily available energy,
governmental policy is shifting to place more legislation on the sustainability and environmental
impact of new buildings. As a result, more pressure is being placed on architects and manufacturers
to design buildings, which are not only energy efficient, but incorporate their own renewable energy
supply. One of the most attractive options to achieve this is to use building-integrated photovoltaics
(BIPVs). Solar energy is often considered the cleanest and most abundant renewable energy option [96],
and with the sun’s irradiation to earth producing about 10,000 times more energy than that required
for daily use by mankind it is considered by many to be the most viable option to meet demand [97].

For many years, BIPVs have been limited to single p-n junction devices such as “add-on”
monocrystalline silicon solar cell panels on the roof area of buildings, and despite their reducing
cost there is significant interest to develop BIPVs, which can be integrated more harmoniously into
buildings without affecting the overall aesthetics. The incorporation of semi-transparent solar cells
into window glazing is a particularly attractive alternative, potentially enabling visually pleasing
building design in combination with solar power generation on a much larger scale. However for this
solar glazing to become a truly practical and realistic alternative it must be low cost, semi-transparent,
have high power conversion efficiency and be easy to manufacture [98]. Ideally solar glazing should be
manufactured in-line utilising existing technologies, such as chemical vapour deposition or sputtering
which are already in place within the glazing industry. In addition, transmittance must be optimised
whilst maintaining substantial power generation that can offset energy demands in the building.

Currently there is a vast array of research into developing next generation materials for BIPVs
that do not rely on the conventional single p-n junction, that are called ‘third-generation’ photovoltaics.
For solar glazing, the most successful approaches have utilised dye-sensitized solar cells (DSSCs) and
organic photovoltaics (OPVs), which are particularly suitable as they meet all criteria and are made
from relatively low cost materials whereby their manufacture can be easily scaled up to an industrial
level [98,99]. However, each of these technologies have been subject of intense scrutiny in terms of their
potential stability under ‘real-life’ conditions. As a result, there has been a wide range of variations
to these technologies, in particular with the DSSC that has produced a rapidly developing area of
research into emerging photovoltaic technologies that have the potential to be used in solar glazing,
which will be discussed herein.

As window glazing serves a fundamental role in building architecture by visually connecting
occupants to the outdoor world while protecting them from the elements, it is understandable that
transparency and aesthetic appearance combined with cost-effective energy production are the main
priorities in the development of solar cell glazing. This review discusses the recent developments and
challenges in producing semi-transparent solar glazing for windows.
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4.1. Dye-Sensitized Solar Cells (DSSC)

Since its initial conception in 1991 by Gratzel and O’Regan [100], the DSSC has been a continually
attractive method for converting solar light to electric power and has been the subject of many
investigations [101–107]. This considerable interest into the DSSC is a result of its many advantages
over traditional solar cell technologies, such as low production cost, simple fabrication methods,
easy scale-up ability, architectural and environmental compatibility as well as good performance under
weak/diffuse light [108]. However, the efficiency of DSSC technology is currently lower than traditional
PVs, at 11.9% for those DSSCs commercially manufactured by Sharp [109] and a maximum of 12.3% for
those produced at lab scale [110] and even less for semi-transparent systems (Efficiency < 2%) that may
be used in glazing. This in comparison to silicon technology where efficiencies are of the order of 26%.

The DSSC typically consists of a transparent conducting electrode of fluorine-doped tin oxide
(FTO) glass, which is coated, with a dye-sensitized mesoporous thin film of TiO2. A photovoltaic effect
is then produced at the interface between a redox electrolyte and the thin film of TiO2 when a platinum
counter electrode is added to complete the electrochemical cell [110]. For semi-transparent DSSCs it is
more common for a counter electrode of glass with an FTO or ITO (Indium-doped tin oxide layer) to
be used, as shown in Figure 8. (All picture credit to Bella et al.) [111].

Despite considerable research interest, concerns over the DSSCs long term chemical stability
has resulted in limited practical development within industry, whereby the organic dye and redox
electrolyte exhibit limited stability under real-life conditions [112]. For use in solar glazing, these issues
with stability must be addressed to enable commercial viability. In particular, the liquid electrolyte
which usually consists of an iodide/tri-iodide redox couple poses the problem of solvent leakage,
low durability and corrosion within the DSSC [113]. In an attempt to combat these problems,
many research groups have focused on substituting the liquid electrolyte for other materials, with the
main alternatives being either solid or quasi-solid (QS) inorganic or organic hole-transporting materials,
such as gel electrolytes prepared by ionic liquids or by the solidification of liquids [114], and polymer
electrolytes [115].

It is this research interest in alternative electrolytes for DSSCs that has spawned a large
area of research centred on solid-state dye sensitized solar cells (ssDSSC). These solid hole
transporting materials used in ssDSSCs typically exhibit small molecular size (~2 nm), high solubility
as well as an amorphous structure that enables good impregnation of the photo anode
mesopores [116]. At present, the most efficient and widely used organic hole conductors are
spiro-OMeTAD (2,2′,7,7′-tetranis-(N,N-di-p-methoxyphenyl-amine)9,9′-spirobifluorene) [117] and
bis-EDOT (bis-ethylenedioxythiophene) [118], with efficiencies of 6.08% and 6.1% respectively [111].
For a more detailed description and analysis of the ssDSSC and other variants of DSSC technology the
reader is referred to the recent reviews by Upadhyaya et al. [119] and Hardin et al. [120].

4.2. Organic Photovoltaics (OPVs)

As with DSSCs, organic photovoltaics have been the subject of active research for the past
20 years, with benefits arising from their inherent low-cost and potential to be formed on flexible
substrates. However, for solar glazing it is their low production costs which make them particularly
favourable candidates [121]. There are several organic-based approaches that produce semi-transparent
OPV devices that exhibit good electrical performance (Figure 8), whereby they are composed
of organic electronic materials, and transparent electrodes based on a wide range of different
materials, including conducting polymers [122–125], thin metal films [126], sputtered transparent
conducting oxides of LiCoO2/Al [127], carbon nanotubes [122], graphene [128], and silver nanowires
(Ag NWs) [129–133].
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Figure 8. (a) Schematic of the semi-transparent OPV architecture. The LiF layer is partially removed
in the schematic to better show the underlying layers, but covers the entire cell active area in actual
devices (b) Transmission of Ag NW–ZnO NP composite electrodes with different sheet resistances.
The reflection and absorption of the glass substrate has been subtracted. Inset is photograph of
semi-transparent OPV [134].

Recently, a study by Beiley et al. [134], has shown the development of a semi-transparent OPV
which consists of a silver nanowire (Ag NW) and zinc oxide nanoparticle (ZnO NP) composite top
electrode, and has a power conversion efficiency of 5.0%. Additional studies have indicated that Ag
NWs can be used as an efficient top electrode for semi-transparent OPV systems where P3HT:PCBM is
used [129].

This Ag NW ZnO NP composite top electrode produced by Beiley et al. [134] shows great
compatibility for solar glazing production, whereby it has low sheet resistance (14 Ω·sq−1) required for
large scale module manufacturing, and it is also processed in solution, making it particularly suitable
for low-cost, high throughput fabrication techniques that are favoured in the glazing industry.

Commercially, semi-transparent OPVs for solar glazing have been developed by New Energy
Technologies Inc. and are called SolarWindow™ coatings (New Energy Technologies Inc., Columbia,
MD, USA). This technology utilises ultra-small organic solar cells that are made of natural polymers
so can be dissolved into liquid for easy application including screen printing, ink-jet printing and
spraying. Further details of the technology including power conversion efficiency are held back under
patents, although it seems that no large scale testing has been conducted as yet [135].

However, as with DSSCs, the current performance of OPVs is much lower than traditional solar
cells, as can be seen in Figure 9 which shows the NREL (National Renewable Energy Laboratory)
‘Best Research-Cell Efficiencies’ whereby OPVs are peaking at around the 11% mark, which is less
than half the efficiency of their crystalline silicon counterparts at 27.6% [136]. In addition, OPVs have
historically had a poor long-term durability which has limited their applications in solar glazing thus
far, however they have now been shown to withstand many thousands of hours under favourable
circumstances [137].

Furthermore, semi-transparent OPVs based on the most commonly used active material blends of
poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) demonstrate
relatively low efficiency, and their limited spectral absorption results in a strong colour bias of the
transmitted light [138]. Although coloured windows are useful for decorative purposes, for large-scale
use more neutral colours are preferred.
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4.3. Recent Emerging Photovoltaics (PV)

This broad research into DSSC technology has spawned a wide range of DSSC variations,
which have been designed with specific targeted improvements in mind. The schematic shown
in Figure 10 taken from the perspective review by Snaith [139] shows the historical evolution of
the DSSC into ssDSSC technology, as well as the more recent developments into perovskite MSSCs
(Mesosuperstructured solar cells) and an indication to future directions in research.

These semi-transparent solar cells based on perovskites have recently emerged as a potential
contender for efficient solar glazing in windows due to their rapid increase in power conversion
efficiency, whereby in just four years the perovskite cells have exhibited enhanced efficiency from 3.8%
in 2009 to 17.9% in early 2015, with expectations to reach even higher efficiencies soon [94,132,140,141].
This demonstrates that understanding of photovoltaic materials has grown considerably since the
development of traditional single-crystal solar cells, whose efficiency grew by less than 50% during
their first five years of development (See Figure 10) [142].

Perovskite semi-transparent photovoltaics use a thin layer of semiconducting perovskite,
which can be produced, at low temperatures using inexpensive and abundant materials.
However, despite their promising efficiencies, these photovoltaic cells suffer with the same aesthetic
undesirability which is typical of conventional semiconductors in that they have an inherent red-brown
tint [143]. In addition, significant research is required in order to establish the long-term stability of
these PV materials, as all efficiencies quoted are for small-scale lab-based modules, and currently, to the
author’s knowledge, there has been no such investigation into their potential stability to withstand
‘real-life’ conditions on a larger scale, and no expected lifetime. For this technology to be truly viable
as solar glazing considerations into the desirability of tinted solar glazing as well as the long-term
durability will have to be addressed, however these new materials show great promise due to their
rapid increase in efficiency over recent years.
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Figure 10. Historic evolution of the solar cell technology, starting from the electrolyte-based mesoscopic
DSSC, the ssDSSC where the electrolyte is replaced with an organic p-type hole conductor, the ETA
cell where the dye is replaced with an ETA semiconductor layer, to the MSSC, where the ETA is
replaced with a perovskite absorber and the n-type TiO2 is replaced with a porous insulating scaffold.
Three likely future directions for the perovskite technology are indicated: (i) porous perovskite
distributed p-n heterojunction solar cells, where the Al2O3 is removed but the perovskite is directly
structured to give a porous film subsequently filled in with a charge conductor; (ii) thin-film p–i–n
perovskite solar cells where no porosity is required and the device takes on the structure of an intrinsic,
or at least ambipolar, thin perovskite film sandwiched between p- and n-type charge-extracting
contacts; or (iii) semiconductor MSSCs, where any solution-processed semiconductor, such as SbS,
can be structured by the porous scaffold to deliver a MSSC [142].

4.4. Conclusion and Outlook for Solar Cell Glazing

In comparison with other BIPV products that have reached the commercialisation stage,
solar glazing materials can be considered as still in their infancy. A state-of-the-art review by
Jelle et al. [144] on BIPV products includes several appendices on current BIPV modules available on
the market, including those for solar glazing applications to which the reader is referred.

As one of the main criteria of solar glazing (in addition to good transparency) is to enable
a sufficient energy offset for the entire building, studies have shown that buildings which incorporate
solar glazing technology can exhibit overall electricity consumption reductions of up to 55% compared
to standard single glazed windows [7,140,141]. As solar glazing BIPVs enable sustainable generation
of electricity, reduction in solar heat gain for the implementation of day lighting schemes that save
lighting energy consumption and heating requirements within a building, they can be described as
a development in building architecture that can be installed in order to offset overall construction and
building running costs [145].



Buildings 2016, 6, 37 17 of 34

However, the main factor holding back the integration of solar glazing into buildings on a wider
scale is a combination of the initial start-up cost and resulting efficiency. The majority of solar modules
currently available commercially use a technology which involves spraying a thin coating of silicon
nanoparticles onto the window which then works as a solar cell, and can be customised to suit efficiency
needs from 5% to 22% [14]. These materials are still relatively expensive in comparison to the solar
glazing technologies discussed within this review, and the efficiency is variable depending on the level
of transparency desired. To date there is very limited availability to buy the cheaper modules based on
thin film or PV technologies such as DSSC, OPVs or perovskites commercially. This is because despite
their promising efficiencies and good visible transparency, these technologies are still too juvenile
to demonstrate their stability over a longer time period under real-life conditions. Aside from the
fine balance of enhancing transparency without diminishing power conversion, enhancing stability is
the main issue to be addressed to enable the development of a solar glazing product based on these
technologies that is suitable for market. Future research into the technologies discussed here will aim
to target this issue of stability, as well as to increase understanding and development of the materials
used within these devices.

Despite the challenges facing solar glazing research, increasing commercial interest into emerging
semi-transparent photovoltaics is continually driving the sector forward. Building manufacturers
and architects are beginning to use transparent BIPV modules such as that shown in Figure 11,
with acceptable aesthetic results, and the demand and desirability for solar glazing is growing. If the
issues regarding stability can be properly addressed, then it seems highly likely that solar glazing will
be the next to follow.Buildings 2016, 6, 37    17 of 33 
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5. Thermochromic Glazing

Thermochromic (TC) glazing can potentially help in reducing the energy demand of buildings
that seems to be ever increasing [146,147]. Thermochromic glazing changes its optical properties in
a dynamic manner in response to eternal temperature [148].

Glazing’s based on thermochromic coatings are designed to intelligently control the amount of
light and heat (mainly in the near infra-red region) upon a change in the temperature. A number
of transition metal compounds, including Fe3O4, FeSi2, NbO2, NiS, Ti2O3, Ti4O7, Ti5O, V2O3 and
VO2, have been found to have thermochromic properties. Even though they offer good transmittance
modulation in the visible region, they generally do not offer proper switching in the near IR range of
the spectrum or have transitions at suitable temperatures [149]. Among them, vanadium dioxide (VO2)
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based thin films have been emerged as suitable candidates for TC intelligent glazing applications since
they exhibit a sharp transition temperature (Tc) close to room temperature (68 ◦C) [150].

5.1. Thermochromic VO2

First noticed in 1959 by Morin [151], a single pure VO2 crystal exhibits a semiconductor to metal
transition from low temperature monoclinic phase (VO2 M) to high temperature rutile phase (VO2 R).
At the temperatures below Tc, the material is transparent in both the infra-red (IR) and visible part
of the spectrum, therefore it allows solar radiation to pass through the window by maximising the
heating effect of sunlight and minimising black body radiation within the building [152]. On the other
hand, at temperatures above Tc these glazing’s are transparent in the visible but become reflective in
the IR part of the spectrum [153] (Figure 12) [62]. This characteristic prevents the thermal part of solar
radiation from heating the building interior. In other words, in the hot climates VO2 glazing can block
much of the incident near infra-red (NIR) solar radiation; thus reducing solar heating of the inside of
the building and reducing cooling requirements [154,155]. For cooler weather conditions on the other
hand, this types of glazing allows the light in the NIR region to pass through the coating thus warming
the building and reducing the need for additional heating [156]. As such thermochromic materials
allow for a greater use of natural light, which is highly desirable as internal lighting, they make
a further contribution towards reducing the building energy demand [11].Buildings 2016, 6, 37    18 of 33 
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Figure 12. Schematic of thermochromic behaviour of thermochromic vanadium dioxide glazing [62].

Thermochromic properties of the films are characterised by the critical transition temperature
(Tc), change in the percentage of transmittance (∆T) and reflectance (∆R) values, as shown in
Equations (1) and (2) where Tcoloured and Ttransparent denotes transmittance changes and Rcoloured and
Rtransparent denotes reflectance modulations between coloured and transparent states, respectively.
Wavelength integrated luminous and solar transmittance values are expressed in Equation (3), where τ

indicates the thickness of VO2 thin film, ϕ is the spectral sensitivity of the light adapted eye and
λ the wavelength of light [156,157]. These integrated values allow an assessment for visual and
energy-related performance of the thermochromic thin films.

∆T(%) = Tcoloured − Ttransparent (1)

∆R(%) = Rcoloured − Rtransparent (2)

Tlum,sol(τ) =

∫
dλϕlum,sol(λ)T(λ, τ)∫

dλϕlum,sol(λ)
(3)

In all glazing systems visible transmittance of at least 60% is desirable so as to allow enough
light to the building. There ought be a large decrease in the transmittance (Figure 13a) and a large
increase in the reflectance (Figure 13b) in the near infra-red region of the solar spectrum (Figure 4) [158].
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An idealized optical response shown by a thermochromic VO2 film, below and above its critical
transition temperature is summarized in the Table 1.
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Table 1. Optical response of a thermochromic VO2 film below and above its critical transition
temperature (Tc).

Condition
Temperature

Cold (T < Tc) Hot (T > Tc)

Structure Monoclinic, semiconducting Rutile, metallic
Wavelength Visible (%) Near IR (%) Visible (%) Near IR (%)

Transmittance (T) 65 80 65 15
Reflectance (R) 17 12 17 77

5.2. Challenges Related to Thermochromic VO2 Glazing

The thin films of VO2 have been the subject of significant research efforts and so many reports
show that VO2 exhibits promising characteristics of thermochromic transition for intelligent glazing
applications. Nevertheless, practical implementation of thermochromic VO2 films as architectural
windows has been hampered by the following performance deficiencies:

1. Principally, thermochromic transition temperature of VO2 is 68 ◦C. However, a thermochromic
window with an energy-efficient benefit should have an ideal transition temperature between
20 and 25 ◦C with a high visible transmittance and solar modulation ability. Since this critical
temperature (Tc) for is too high to be effective to be utilized, efforts need to be made to reduce it
to near room temperature [158].

2. The second difficulty associated with the VO2 films is the thermochromic efficiency of the
transition (Figure 14). In order to mitigate the solar heat gain efficiently, the thermochromic
transition should take place quickly; it means that the gradient of the thermochromic transition
hysteresis should be steep and that the hysteresis loop width should be as narrow as possible [157].
A smaller hysteresis width is also preferred to acquire larger response to temperature and a higher
efficiency [159].

3. A further undesirable aspect which has to be improved of VO2 coating is the yellow colour
of vanadium dioxide films that disturbs the aesthetic appearance of the windows (Figure 15)
and makes the films difficult to market [155]. As a result of this colouration, the luminous
transmittance values of the VO2 films are often lower than desired (around 30%–40%) which is
a significant obstacle to employ these films for windows coatings applications.



Buildings 2016, 6, 37 20 of 34

Buildings 2016, 6, 37    19 of 33 

Table  1.  Optical  response  of  a  thermochromic  VO2  film  below  and  above  its  critical  transition 

temperature (Tc). 

Condition 
Temperature

Cold (T < Tc) Hot (T > Tc) 

Structure  Monoclinic, semiconducting Rutile, metallic 

Wavelength  Visible (%) Near IR (%)  Visible (%) Near IR (%) 

Transmittance (T)  65  80  65  15 

Reflectance (R)  17  12  17  77 

5.2. Challenges Related to Thermochromic VO2 Glazing 

The thin films of VO2 have been the subject of significant research efforts and so many reports 

show that VO2 exhibits promising characteristics of thermochromic transition for intelligent glazing 

applications. Nevertheless, practical  implementation of  thermochromic VO2  films as architectural 

windows has been hampered by the following performance deficiencies: 

1. Principally, thermochromic transition temperature of VO2 is 68 °C. However, a thermochromic 

window with an energy‐efficient benefit should have an ideal transition temperature between 

20 and 25 °C with a high visible transmittance and solar modulation ability. Since this critical 

temperature (Tc) for is too high to be effective to be utilized, efforts need to be made to reduce it 

to near room temperature [158]. 

2. The  second  difficulty  associated with  the VO2  films  is  the  thermochromic  efficiency  of  the 

transition  (Figure 14).  In order  to mitigate  the  solar heat gain efficiently,  the  thermochromic 

transition should take place quickly; it means that the gradient of the thermochromic transition 

hysteresis should be steep and that the hysteresis loop width should be as narrow as possible 

[157]. A smaller hysteresis width is also preferred to acquire larger response to temperature and 

a higher efficiency [159]. 

3. A further undesirable aspect which has to be improved of VO2 coating is the yellow colour of 

vanadium dioxide films that disturbs the aesthetic appearance of the windows (Figure 15) and 

makes  the  films  difficult  to  market  [155].  As  a  result  of  this  colouration,  the  luminous 

transmittance values of the VO2 films are often lower than desired (around 30%–40%) which is a 

significant obstacle to employ these films for windows coatings applications. 

 

Figure 14. An example of hysteresis curve observed for a thermochromic VO2 film [160]. Figure 14. An example of hysteresis curve observed for a thermochromic VO2 film [160].
Buildings 2016, 6, 37    20 of 33 

(a)  (b) 

Figure 15. Example windows with thermochromic VO2 glazing’s (a) and ordinary (b) [155].   

The production of VO2 films with high visible transmittance, efficient optical NIR transition and 

reflection modulation properties, lower Tc values, along with narrower and sharper hysteresis loop 

widths, remains a worthy pursuit as a significant energy benefit can be derived from such materials 

[149]. 

In order  to  achieve optimal  thermochromic performance of  the VO2  films,  several  strategies 

have  been  employed,  including  the  implementation  of  a  variety  of  deposition  methods,  the 

preparation of multi‐layered films, and the introduction of dopants. 

5.2.1. Reducing the Transition Temperature 

The  transition  temperature  of  pure  VO2  is  68  °C,  this  should  be  ideally  as  close  to  room 

temperature as possible for optimal thermochromic control  in buildings. The majority of previous 

investigations have  looked  at  the doping  the  films with high valence  transition metal  ions. This 

causes a reduction in Tc to lower values as the metal dopant causes a partial disruption to the crystal 

structure, effectively lowering the energy required for the phase transition [150]. Tungsten has been 

found to be the most efficient dopant, lowering Tc by 7 °C per at % [160], 19 °C per at %, 20 °C per 2 

at % [161], and by 23 °C per at % W [162]. Molybdenum doping has also been explored and found to 

decrease Tc by 3 °C [152] and by 15 °C [163] per at % doping. Doping with 3 mol % Mo lowered Tc to 

42 °C [164]. Niobium has also been investigated, but it was found to be less effective than tungsten. 

The Tc of the films was typically decreased by 2 °C per at % doping [164], by 13 °C per 0.4% at [165] 

and by 15  °C per 2 at % Nb doping  [166]. Other dopants explored  include magnesium  [167] and 

cerium [168] which decreased Tc by 3 °C and 4.5 °C, respectively per at % doping each. Fluorine has 

also been incorporated, 3 at % reduced Tc to 35 °C [169].   

It has also been shown that a reduction in the crystallite size causes strain and lowers Tc [170]; 

nanostructured VO2  films of great  interest  for  this  reason. Warwick et al. [171] used electric  field 

assisted  chemical vapour deposition  to deposit VO2  films, and observed  that  increasing  the  field 

strength reduced the average crystallite size, leading to a complex surface morphology and a lower 

Tc. A significantly low transition temperature of 29 °C has been obtained by Chen et al. [172] who 

produced nanostructured VO2 films with average crystallite sizes between 20 and 50 nm.   

5.2.2. Improving Thermochromic Efficiency 

The optimum  thermochromic performance of VO2  films  can only be  realised by minimising 

transition hysteresis loop width. This characterized by analysing the speed and temperature range at 

which the thermochromic material can transfer between the rutile (hot) and monoclinic (cold) states. 

Some modelling studies have been done to investigate the extent of energy saving potential of the 

VO2 based thin films. These studies revealed that, a greater energy saving potential can be achieved 

Figure 15. Example windows with thermochromic VO2 glazing’s (a) and ordinary (b) [155].

The production of VO2 films with high visible transmittance, efficient optical NIR transition
and reflection modulation properties, lower Tc values, along with narrower and sharper hysteresis
loop widths, remains a worthy pursuit as a significant energy benefit can be derived from such
materials [149].

In order to achieve optimal thermochromic performance of the VO2 films, several strategies have
been employed, including the implementation of a variety of deposition methods, the preparation of
multi-layered films, and the introduction of dopants.

5.2.1. Reducing the Transition Temperature

The transition temperature of pure VO2 is 68 ◦C, this should be ideally as close to room
temperature as possible for optimal thermochromic control in buildings. The majority of previous
investigations have looked at the doping the films with high valence transition metal ions. This causes
a reduction in Tc to lower values as the metal dopant causes a partial disruption to the crystal structure,
effectively lowering the energy required for the phase transition [150]. Tungsten has been found to be
the most efficient dopant, lowering Tc by 7 ◦C per at % [160], 19 ◦C per at %, 20 ◦C per 2 at % [161],
and by 23 ◦C per at % W [162]. Molybdenum doping has also been explored and found to decrease Tc

by 3 ◦C [152] and by 15 ◦C [163] per at % doping. Doping with 3 mol % Mo lowered Tc to 42 ◦C [164].
Niobium has also been investigated, but it was found to be less effective than tungsten. The Tc of
the films was typically decreased by 2 ◦C per at % doping [164], by 13 ◦C per 0.4% at [165] and by
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15 ◦C per 2 at % Nb doping [166]. Other dopants explored include magnesium [167] and cerium [168]
which decreased Tc by 3 ◦C and 4.5 ◦C, respectively per at % doping each. Fluorine has also been
incorporated, 3 at % reduced Tc to 35 ◦C [169].

It has also been shown that a reduction in the crystallite size causes strain and lowers Tc [170];
nanostructured VO2 films of great interest for this reason. Warwick et al. [171] used electric field
assisted chemical vapour deposition to deposit VO2 films, and observed that increasing the field
strength reduced the average crystallite size, leading to a complex surface morphology and a lower
Tc. A significantly low transition temperature of 29 ◦C has been obtained by Chen et al. [172] who
produced nanostructured VO2 films with average crystallite sizes between 20 and 50 nm.

5.2.2. Improving Thermochromic Efficiency

The optimum thermochromic performance of VO2 films can only be realised by minimising
transition hysteresis loop width. This characterized by analysing the speed and temperature range at
which the thermochromic material can transfer between the rutile (hot) and monoclinic (cold) states.
Some modelling studies have been done to investigate the extent of energy saving potential of the VO2

based thin films. These studies revealed that, a greater energy saving potential can be achieved by
obtaining a narrow hysteresis loop width (2–3 ◦C) or the sharpest possible hysteresis gradient [157].
For a warm Mediterranean climate; a low transition temperature along with a sharp hysteresis gradient
has been calculated to reduce the energy demand of a building by up to 51% compared to a standard
glazing unit [10].

Numerous studies indicate that, the thermochromic efficiency of vanadium dioxide is dependent on
a large number of different parameters, such as substrate temperature [173], annealing temperature [170–173],
microstructure [155,174,175] and surface morphology [170,174,176–179]. The situation is further
complicated as doping with high valency metals also impacts upon the thermochromic efficiency,
usually in a detrimental manner [179–183]. The use of polymer templates and surfactants has also
been shown to change the surface microstructure and thus the thermochromic efficiency [176,184].
In some cases VO2 films that consisted of nanoparticles have been found to result in wider hysteresis
widths (10–20 ◦C), although they tended to have lower critical transition temperatures (~40 ◦C) [150],
it has been suggested that the hysteresis width is inversely proportional to the average crystallite and
grain sizes of the materials [185,186] however, this is not found to be the case in all studies [163].

5.2.3. Improving the Aesthetics of Thermochromic Films

A visible transparency in excess of 60% is highly desirable with modern fenestration.
Typically, thin films of vanadium dioxide with the optimal transition properties have a maximum
visible transmission in the region of 50%; therefore, several methods of addressing this problem
have been attempted. So far, the main techniques used for this purpose were regulation of film
thickness [166–188], mixtures or composites [189,190] the deposition of antireflection layers [189] and
doping [153,159,191].

Previous studies have shown that either Mg [167] or F [192,193] doping can lead to a visible
transmittance increase of the VO2 films in greater than 10%. However fluorine doping is not
favourable for smart windows glazing applications, as it is known to cause poor transition behaviour,
this has been attributed to a strong distortion of the host lattice caused by the anion size [161].
Magnesium, doping on the other hand, resulted in widening the fundamental band gap [191] and
improved luminous transmittance (Tlum) of the VO2 films (to ca. 51%) [167]. Further attempts to
improve the film aesthetics have been attempted with the introduction of gold nanoparticles into the
vanadium dioxide film matrix, lead to a significant change in film colour due to surface plasmon
resonance of the gold nanoparticles [194–196]. In addition to the use of single dopants, co doping
approaches have also been tried. Magnesium and tungsten co-doped VO2 films increased the Tlum
to ca. 80% however, the doping had a deleterious effect on the thermochromic efficiency of the
transition [193].
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Another effective method to increase Tlum of the VO2 films is to use multi-layered structures
by utilising high refractive-index dielectric top or under layers [194]. In the last few decades,
substantial efforts have been reported to fabricate thermochromic VO2 coatings with very thin layer of
such an anti-reflection coating. This has generally served to improve luminous transmittances (Tlum)
of the VO2 films, without disturbing the existing thermochromic properties. Lee and Cho [195,196]
prepared SiO2 antireflection coatings which exhibited an increase in the Tlum values from ca. 40%
to 50%–55% at 650 nm with 100 nm anti reflection coating. ZrO2 over layer anti reflection coatings
have also been used, where a Tlum of 55% was obtained [197]. Particularly good properties have
been obtained by multilayer films consisting of TiO2 and VO2; Tazawa et al. [198] demonstrate
that in addition to improving the visible light transparency of the films, production of TiO2 anti
reflection layers can also offer multifunctional properties, combining thermochromic response with
self-cleaning properties. Before addition of TiO2 over layers, VO2 films exhibited Tlum values of around
30%. TiO2 (40 nm) on VO2 (50 nm) increased Tlum to 49% [198]. The same group later prepared
double layered anti reflection coatings of TiO2 (25 nm)/VO2 (50 nm)/TiO2 (25 nm) which exhibited
an enhanced Tlum of 57.6%. Chen et al. [199] later reported higher Tlum of 61.5.%. The durability of the
VO2 films has also been improved by the addition of an Al2O3 over layer which was shown to provide
protection against heat (300 ◦C for one day) and relative humidity of 95% [200].

5.2.4. Recent Advances in Thermochromic Glazing

Recent work has further explored the use of Mg doping in thermochromic vanadium dioxide
on low emissivity substrates. The incorporation of magnesium was found to enhance the films
visible transmittance and to help reduce the thermochromic transmission temperature to 49.2 ◦C [201].
Increasingly VO2 films are being combined with other functional layers as a way of adding
multi-functionality. Miller et al. have recently demonstrated the use of an ITO/VO2/TiO2 stack.
The layers gave low-emissivity, thermochromic and anti-reflection functionality. The authors were
able to demonstrate that such a stack retained thermochromic possibilities, although these were
some way from the ideal, indicating further work needs to be done to optimise the system [202].
The investigation of periodic porous structures is a very recent development in thermochromic thin
films. This involves templating the film growth with silica spheres that are then etched or burnt away
post film growth. By varying the growth time a variety of structures can be deposited ranging from
nanonet like structures to inverse opal arrangements [203,204].

The use of bioinspired structures, such as moth eye type structures, has demonstrated that
visible light transmittance can be dramatically increased to in excess of 75% whilst retaining reasonable
thermochromic performance [205,206]. There has been further work in the area of nanothermochromics
and the use of nanoparticle systems. These show promise as routes to lowering the thermochromic
transition temperature without the deleterious effect of metal doping [207]. Work by Greek researchers
has demonstrated that amorphous VO2 still exhibits thermochromic properties although it is noted
that the transition width and gradient of such films are wide and sloping and therefore suboptimal for
use in energy saving systems [208].

5.3. Conclusion and Outlook for Thermochromic Glazing

Vanadium (IV) oxide is the most studied thermochromic material due to its transition temperature
being the closest to room temperature, and as such exhibits the greatest potential for application
in thermochromic devices and “intelligent” glazing systems. However, significant challenges must
be overcome in order to manufacture a commercial window coating include factors such as colour,
scale-up, and thermal cycling.

A transition temperature of 68 ◦C is still too high, applications such as “intelligent” thermochromic
glass require switching temperatures between 18 and 25 ◦C. The precise switching temperature can be
tuned, by doping the material. Tungsten (VI) has been found to be the most promising reducing the
transition temperature by 22 ◦C per atomic % incorporated.
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Incorporating gold nanoparticles into the films via a hybrid aerosol-assisted and atmospheric
pressure CVD technique shows potential to improve the colour of the VO2 films, compared to the
tungsten doped films, however, the cost of gold is likely to be an issue. Fluorine or magnesium doping
or the use of optical stacks may well prove to be the optimal way forward.

The energy-saving performance of the films is predominantly controlled by the thermochromic
switching temperature and number of hours the film spends in the hot state. Simulation results show
that, in warmer climates, a lower transition temperature leads to energy savings, thus reduction of the
Tc to around room temperature will lead to further energy-saving behaviour.

A possible drawback to this new technology is that availability of the resources needed in
order to produce these coatings. One must not forget that this will be a large-scale production of
new technology and issues such as accessibility of the raw materials needed should be considered.
Nevertheless, the current energy situation and future issues, such as population growth and increasing
standards of living, will inevitably demand a safe and affordable solution to the shortage of fossil fuels
and environmental effects such as global warming. We believe that thermochromic technology and
thin film materials can play an important role in finding the appropriate solution.

6. Building Integration Issues

The aesthetics of glazing is very important to its success as a commercial product and has been
one of the stumbling blocks for various systems such as electrochromic nickel oxide or thermochromic
vanadium dioxide coatings. The films discussed here also have several issues in the area of aesthetics.

The overall levels of visible transmission for DSSC type glazing and thermochromic vanadium
dioxide lays in the range 0.45–0.60, somewhat less than what is considered in industry to be required for
a saleable product. For glazing products, the general consensus view is that higher visible transmission
is desirable in order to reduce lighting loads and improve aesthetics, although there is a trade-off
between higher costs for cooling or heating and visible light transmission. Of course one must question
what is the point of having a window if it does not allow light through? However, we must ask the
question, how much light is enough for a modern functional building? Is something that is subjective
and highly dependent on the climate, building position and indeed position within a building itself.
We have not attempted to answer that question here but we do suggest that a reduction in transmission
may well be worth it in terms of improved energy performance.

Colouration is also an issue; thermochromic vanadium dioxide thin films are a yellow brown
colour that it is thought the majority of people would not find aesthetically pleasing. We have outlined
several strategies that can address this, although these all add additional complexity and cost into the
coatings manufacture.

For DSSC type-glazing integration is somewhat more complicated. The other technologies
discussed in this review are passive technologies that can be installed in a standard glazing unit
and left to perform. DSSC’s are more complicated requiring additional wiring and components to
effectively integrate them into the building. There are further issues with DSSC’s that relate to sealant
failure or the electrolyte drying out, both of which would severely hamper the useful working lifetime
of the unit.

The key advantage of the self-cleaning, thermochromic and transparent conducting oxide based
thin film technologies presented here is that they are produced by atmospheric pressure chemical
vapour deposition. This fabrication method can be (and is) incorporated directly into the float glass
manufacture process. It allows for on line production of the films with no off line processing steps
required. Atmospheric pressure chemical vapour deposition is significantly cheaper than physical
vapour deposition methodologies as no expensive vacuum equipment is required. The size of glass
that can be coated is limited by the width of the float glass line rather than the size of the vacuum
chamber. Additionally, films produced by atmospheric pressure chemical vapour deposition are
generally more adherent than those produced from physical vapour deposition methods and will
therefore have longer lifetimes. As an example of the benefit of such coating systems consider body
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tinted absorbing glass, which is produced by adding additional materials into the glass melt that acts
as a tint in the final product. This requires careful control of the glass melt in order to obtain consistent
and even colouration, it can take up to 100 h before the glass melt has reached an equilibrium state and
colouration is consistent. As float glass lines typically produce 800 m of glass an hour, an effective down
time of 100 h means the loss of 80 km of glass. Although some of this wastage will be reintroduced into
future glass melts this is still a huge amount of loss. Producing absorbing type glasses by applying
a coating using atmospheric pressure chemical vapour deposition is therefore highly desirable from
an efficiency perspective.

7. Conclusions

This review has discussed the technology of glazing integrated photovoltaics, solar- control
Low-E, thermochromic and self-cleaning/anti-pollution materials for functional applications in
buildings. Of all these technologies, solar-control and Low-E materials are the most established.
These are materials based on spectral selectivity, however angularly selective materials propose
the need for further research and development. Solar-control and Low-E materials are suitable for
use as smart windows in climates, which are constant. However, these materials typically contain
substantial quantities of indium, an element that is in short supply and as such very costly. The latest
transparent conducting oxide research presented in Section 3 demonstrates that new materials such
as aluminium doped zinc oxide can be a viable replacement for the traditional indium containing
materials. In those climates that vary, there is a greater need for chromogenic materials (Section 5).
At present the most research has been carried out on chromogenic materials whose optical properties
change according to temperature (thermochromic), external voltage (electrochromic) and radiation
(photochromic). Currently, thin films have been used in many applications; however, bulk materials
such as photochromic glasses and polymers, thermochromic polymers and polymer based cloud gels
offer other possibilities, although perhaps less desirable as these systems tend to be more complex
in nature. These chromogenic windows offer the possibility of combining comfort for the occupants
of the building with the growing need of energy efficiency. Photochromic thin films also pose as
a possible contender for ‘smart windows’ as these work in a similar way to electrochromic device
however an external voltage is not required. Radiation is used to change the colour of these films
and set about photochromic properties within them. The most promising thermochromic materials
for window glazing is vanadium (IV) oxide, due to it relativity low transition temperature of 68 ◦C,
however this is still not low enough for it to be actually used on larger scale. The introduction of some
particular dopants does in fact lower the Tc however, there are still challenges concerning the aesthetic
appearance of these films to overcome.

Glazing integrated photovoltaics based on dye-sensitized solar cells (Section 4) are in a relatively
early stage of development. They however offer great potential for reducing energy demand in
buildings through the absorption of solar radiation as well as generating usable energy. They also offer
the potential of a variety of different colours depending on the dye used, thus affording designers and
architects greater choice for their works.

Self-cleaning/anti-pollution coatings (Section 2) have been known for some time but have only
recently become a saleable product. Further work remains to be completed to optimise these materials
for use in destroying dangerous airborne urban pollutants such as nitrogen dioxide and volatile organic
compounds. Efforts are also underway to allow these materials to be used inside buildings.

One potential drawback with regards to these new technologies is that availability of the resources
needed in order to produce these coatings. One must not forget that this will be large-scale production
of new technology and issues such as accessibility of the raw materials needed should be considered.
Nevertheless, the current energy situation and future issues, such as population growth and increased
standard of living, will inevitably demand a safe, affordable and sustainable solution to the shortage
of fossil fuel and environmental effects such as global warming. Chromogenic technology and thin
film materials will play an important role in finding the appropriate solution.
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