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1 Introduction

A broad spectrum of wavelengths ranging from 295 to 2500 nm reaches 
in our environment as sun light, scientifically in forms of visible, UV (ultra 
violet), &IR (Infrared) (1–4). In IR regime, mainly three bands are consid-
ered: (1) short wave IR (SWIR); (2) mid-wave IR (MWIR) and (3) long 
wavelength IR (LWIR), depending on the wavelength, as shown in Fig. 2.1.

The origin of life on earth is mainly generated by the infrared radia-
tion, and half of the sun’s energy within the star spectrum falls on the IR 
radiation. IR, generally termed as thermal radiation, is the most important 
spectrum, which lies between visible and UV spectra. It has wavelengths 
from 0.74 to 100 µm.

William Herschel discovered IR radiation in 1800, when he found a 
set of an even warmer temperature measurements with the colors of visible 
spectrum (blue to red), using various thermometers. But Herschel could 
not explain the complete nature of IR radiation (5,6). During the second 
half of the 19th century, J.C. Maxwell contributed his four equations on 
electromagnetism, which unified the fundamental laws of electromagne-
tism (7). Later, Hertz proved these equations experimentally. By then, it was 
deducted that light and IR radiation have common nature and properties 
(7). Clearly, the idea of electromagnetism changed the whole perceptions 
of IR radiation. It supported further analysis and progressive approaches 
toward IR radiations. In 19th century, W. De. W. Abney and E.R. Festing 
mapped IR radiation in solar spectrum by their photographic emulsions 
and found a unique pattern. This laid a foundation of analyzing IR spec-
troscopy in modern science.
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In recent times, metals and nanostructures are being used in the study 
of IR radiation, which is important for its advancement in the modern 
science and technology, as well as in the overall development of mankind 
(4,8,9). IR radiation’s silent presence in our surroundings does not affect its 
necessity for our existence on earth. Remote controlling devices, wireless 
connections, security systems, sensor development, optical fiber, thermal 
imaging, and various apparatus in hospitals daily use the technology of IR 
radiation (10–19). Analyzing the transferring and receiving patterns of IR 
radiation is the basic for these technologies. By using the absorption and 
emission spectra, we can determine the molecular structures. It is also help-
ful in determining the complex chemical mixture of molecules by both 
qualitative and quantitative analyses. Photovoltaic IR photo detectors based 
on thin-film materials (such as HgCdTe, InSb, InGaAs) have been widely 
used for earth observation, environment monitoring, and remote sensing 
(4).

In modern times, where the energy demand is increasing rapidly in our 
daily lives and industries, cost-effective and efficient medium is required, 
which also favors the environment. Solar energy is very important in this 
regard and it consists of energy in terms of UV, IR, visible and microwave 
regions.

The principle of absorption is applied generally to convert sunrays into 
various forms of usable energy, which are renewable. For example, in the 
absorption of UV radiation (43.0 eV), molecular ionization is used for the 
ejection of electrons beyond their molecular energy or transition from 
the ground state to upper electronic state within atoms in metal oxides 
(CuO, Cu

2
O, TiO

2
, etc.) (8,13,19). Semiconductors are generally used for 

the absorption of visible light (1.7–3.0 eV) to generate electricity by pho-
tovoltaic devices (4,8). The absorption excites electron from the valence 

Figure 2.1 A diagram of electro magnetic spectrum and IR region.
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bond to conduction band due to heat and impurities of the semiconductor 
(8,15,20,21). Now, the external circuit can produce electricity or can also 
be transferred to the photochemical cells for inducing reduction/oxidation 
(20,21). Normally, the absorption of IR radiation requires transitions from 
the ground state to excited states of molecular vibrations, which finally pro-
duce energy in the form of heat (21). Metals with high thermal conductiv-
ity can absorb or reflect IR radiation quickly as the quantum states of their 
vibrations lie within this region, although most metals reflect almost all IR 
radiation (18,21). Highly efficient thermal detection devices can be realized 
by increasing the IR absorbing capability (18).

2 Light reflection mechanism of IR radiations with metals 
and nanostructures

When a metal sample is exposed in direct sunlight, three phenomena can 
occur, namely reflection, transmission, and absorption (22). Reflection is of 
two types: mirror like reflection’ (specular refection) and diffuse reflection. 
Mirror-like reflection is more significant for optically smooth and highly 
absorbing sample surfaces. On the other end, diffuse reflection occurs when 
incident radiation penetrates into the powder and is further mirrored by 
the grain boundaries of the particle. In the diffuse reflections, particle size 
is most important, as the particle size decreases, the number of reflections at 
the grain boundaries will increase (8). As a result, the depth of penetration 
of incident light decreases, which leads to a decrease in absorption and an 
increase in reflectance.

Absorption of light is the excitation of an electron from one bonding 
state to higher bonding states (9). An interesting fact is that all types of light 
wavelengths cannot generate energy transitions (due to energy differences), 
and a specific wavelength is required for the process of absorption of light. 
For example, the wavelength between 400 and 700 nm is necessary to moti-
vate electronic transitions (23,24). Anything higher than this wavelength 
(>700 nm) is not enough to generate power. Sun also has a wavelength of 
1500 nm, which is ineffective for causing any electronic transition. Thus, 
the wavelength of 1500 nm beam will not be observed and when further 
being mirrored and scattered, it leads to the diffused reflection of NIR light 
(9). Although, there is no methodology for predicting the IR reflectivity of 
chemical and inorganic compounds (9).

Metals are opaque at IR wavelengths. This is because metals are charac-
terized by their large concentrations of free electrons, which is the property 
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that gives them their highly reflective nature (25). Reflective metals can be 
pure metals (such as Au, Ti, Cu, Al, and Ag), metals with surface coatings 
(AgS on Ag and AlO(OH) on Al), and multiple-layered structures: TiO

2
/

Au, silicon powder, metal-coated particles, etc. (8,9). Coated metals have a 
decreased reflection factor corresponding to visual light. For example, the 
coating outside of the metal, which can be considered as a metal oxide, 
can absorb visual light, whereas the IR light of a longer wavelength passes 
through the coating and can be reflected by the underlying metal (26). 
These multilayered structures are designed to minimize the reflection of 
visual light whereas giving a high reflection of IR light (27).

High reflective pure metals such as Ag, Au, Cu, and Al are continuously 
being used in the visible and infrared spectral region (28). Material’s reflec-
tivity can be derived from the basic optics.

R n n n k n k n n k1 ˆ/1 ˆ 1 / 1 1 4 / 1
2 2 2 2 2 2 2( ) ( ) ( )= − + = − + + + = − + +

  
(2.1)

where R, reflectivity of Light at normal incidence; n̂, Complex refractive 
index; n, real part of refractive index; k, extinction coefficient.

In the near infrared region if n ≪ k, we can derive the following 
expressions:

k c / 12 2 2µ τ ρ ω τ( )≈ +
 (2.2)

n c1/ 2 / 12 2 2ω µ ρτ ω τ( )≈ +
 (2.3)

and

R n k1 4 / 2≈ −
 (2.4)

where µ, magnetic permeability; c, speed of light; ρ, electrical resistivity; w, 
angular frequency; τ, mean free time between charge carrier’s collisions.

Reflectivity is then obtained by inserting Eqs. (2.2) and (2.3) into 
Eq. (2.4).

R c1 4 / 1 1/2 1/2µ τ ρ≈ − − −

 (2.5)

R=1−nˆ/1+nˆ2=1−n2+k2/1+n2

+k2=1−4n/1+n2+k2

nˆ

k≍µc2τ/ρ1+w2τ2

n≍1/2wµc2/ρτ1+w2τ2

R≍1−4n/k2

R≍1−4/µc−1τ−1/2ρ1/2
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Magnetic permeability has negligible effect on reflectivity because it is 
essentially constant for ferromagnetic metals. It is observed in Eq. (2.5) that 
a material with low ρ and high τ would exhibit high reflectivity.

Hu et al. investigated electrical resistivity and optical reflectivity, where 
they prepared a series of multicomponent AgMgAl alloys on glass substrate 
by sputtering technique (28). Table 2.1 shows that reflectivity is a function 
of resistivity for multi component AgMgAl alloys and it scales with the 
square root of electrical resistivity, which can be explained by the classical 
reflection theory given by Eq. (2.5).

3 Factors affecting infrared reflectivity

IR reflectivity basically depends on the relative ratio of the particles, neigh-
boring medium, and distribution of particles within the coating, concen-
tration, particle’s size, and wavelength of the incident light (29). Coating 
thickness is an important criterion that affects film reflection factor. Higher 
coating thickness ends up with higher reflection factor due to the upper 
range of nanoparticles on the substrate for reflective (29). Recently, the 
optical properties of nanocrystalline and connected materials are becoming 
theoretical and experimental interest. Nanocrystalline materials possess fasci-
nating optical properties like increased band gap and increased light intensity. 
Among the nanocrystalline materials, metal compound nanoparticles belong 

Table 2.1 Comparison of the electrical resistivity and light reflectivity of pure Ag, 
Cu, Al, Mg crystalline films, several AgMgAl, AgCuMgAl, AgCuMg, and ZrCu thin-film 
coatings on glass substrate (all compositions are given in atomic percent) (28).

Electric resistivity 
ρ, n**m

Light reflectivity R, 
at 1000 nm

Ag 16 0.98
Cu 17 0.97
Al 27 0.94
Mg 45 0.92
Ag

35
Cu

35
Mg

30
 (crystalline) 189 0.98

Ag
76

Mg
17

Al
7
 (crystalline) 230 0.95

Ag
73

Mg
17

Al
10

 (crystalline) 286 0.92
Ag

60
Mg

27
Al

13
 (crystalline) 304 0.91

Ag
30

Mg
45

Al
25

(amorphous) 1032 0.79
Ag

30
Cu

30
Mg

15
Al

25
(amorphous) 1120 0.77

Ag
45

Mg
37

Al
18

(amorphous) 1178 0.77
Zr

50
Cu

50
 (amorphous) 2975 0.60



Energy Saving Coating Materials38

to a stimulating category of compounds (30). Metal compound nanocrys-
tals will be ready in distinctive shapes and they exhibit remarkably totally 
different chemical properties compared to macrocrystals. The particle size 
of a compound will have an effect on its color that successively will have 
an effect on its reflection factor properties. Moreover, metal compound 
nanoparticles possess high surface areas, which make them very helpful for 
a range of applications as well as coatings (31). The present oxides of the 
metallic element at air pressure exhibit three phases: anatase, brookite, and 
mineral (8). The mineral part is thermodynamically the foremost stable and 
possesses the best density with a compact atomic structure. TiO

2
 within the 

mineral part is essentially used in reflective coatings attributable to its effec-
tive lightweight scattering properties. Recently, it has been found that the 
mineral part nanoparticles have higher absorption within the visible region 
compared to those of the anatase part (32,33). Coatings containing even bit 
of mineral part TiO

2
 particles replicate nearly the complete visible spectra. 

Reflective coatings of TiO
2
 are applied in business optical merchandise like 

optical fibers, integration spheres, luminaries, reflective panels, and optical 
device cavity mirrors (9). Studies on the reflection factor of TiO

2
 particles 

are the topic of serious analysis for several decades as their applications need 
high photo stability and high reflection efficiency. The improvement in the 
photo stability of mineral part of TiO

2
 while maintaining reflection factor at 

an equivalent time has been a difficult subject.
Doping TiO

2
 with Al, Li, and K is one among the better ways to enhance 

the reflection factor of TiO
2
 particles (34). It creates defects within the TiO

2
 

space lattice and introduces traps for electrons and holes. This will stop the 
migration of electrons and holes toward the surface of TiO

2
. The impact of 

Al doping on the reflective properties of TiO
2
 nanoparticles and synthe-

sized exploitation of the sol–gel technique has been investigated in 2013 by 
Kumar et al. (34) It has been shown that with Al doping, the transition tem-
perature for anatase to mineral part was increased; but no change in mor-
phology was observed. TiO

2
 nanoparticles doped with 0.1% Al showed high 

photo stability with no amendment in reflection factor (34). The coating 
with Al-doped TiO

2
 nanoparticles has been applied on a plastic substrate 

with totally different coating thicknesses to design lightweight reflectors. 
These reflectors are found to possess diffuse reflection factor of 98.17%–
98.29% for 0.25–mm–thick coatings. In 2010, A. Ranade were synthesized 
niobium (Nb)-doped TiO

2
 films using several different techniques (35). Nb 

was originally chosen because of the dopant material attributable to its sim-
ilarity in atomic radius to Ti4+ and also the valence state it prefers (35). Zinc 
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oxide nanoparticles coated with metallic element increased the reflective 
performance. In comparison to the uncoated material, the coated nanopar-
ticles possess ten percent more reflection factor in 400–800 nm (36). Fe

2
O

3
, 

Cr
2
O

3
, Sb

2
O

3
, and ZrO

2
 are other metal oxides having high refractive indi-

ces; to achieve high reflectance over a wide spectral range, more than one 
type of metal oxides can be used (37). Metals also naturally have a layer (or 
several layers) of oxides on the surface. The chemical and optical properties 
of the oxides can often be very different from the properties of the metal or 
alloy underneath (25). In Fig. 2.2, the oxide layer enhances the absorption 
by capturing the light (25).

Cadmium stannate (Cd
2
SnO

4
) is one among the foremost clear, heat 

reflective semiconductors. Cadmium stannate films on an oxide plate rep-
licate infrared at 1.5 µm film thickness (38). These films provide eighty 
percent reflectivity at 2 µm film thickness and 90% reflectivity at 6 µm 
thickness. These properties build metallic element stannate films extremely 
appropriate for greenhouse window applications (38). Another study 
describes the employment of colored metallic pigments like mica flakes 
and aluminum for better infrared reflectivity (26). According to the study, 
color has been incorporated on the metallic surfaces in such a way that it 
does not interfere with the ability of metallic pigments to control infrared 
reflectivity (26).

4 Regulating infrared radiation using inorganic and organic 
reflective materials

4.1 IR regulating inorganic materials
The IR reflective material either reflects in IR region or transmits the light. 
The reflectance of any material is usually due to specular reflectance and 

Figure 2.2 An oxidized surface capturing the light inside the oxide layer, which may fur-
ther enhance absorption (25).
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diffuse reflectance. Specular reflectance is associated with the visual bright-
ness or mirror quality of a surface and it depends on the surface smoothness 
(39). As the roughness of surface increases, the multiple reflections occur in 
the material and the component of diffuse reflectance increases and surface 
appears dull or matte finished. Diffuse reflectance of a material is deter-
mined by the particle shape, size, and distribution of the material (40–42). 
The total reflectivity of reflective coating is also decided by the chemical 
composition and refractive index of the pigment and the binder material 
(43). If the refractive index of the pigment is similar to that of the binder 
refractive index in the IR region, it will be transparent to the IR radiation 
(43). An ideal reflective material should have not only high refection but 
also low emissivity and good corrosion resistance.

Over the years, different inorganic and organic materials are being 
investigated for their applicability as IR reflective materials. Inorganic IR 
regulating materials are the most commercialized ones due to their ease 
of processing and high stability. Inorganic IR reflecting materials include 
transition metals such as Ag, Au, Cu, Al, Ti, and Rh, the nitrides, boride and 
carbides of Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, and W, metal oxides of Cr, Fe, Ti, 
Ce, and Mg (44–47).

Transition metal-based IR reflective materials have reported to have 
highest reflectivity in the IR band range and variable absorption in the vis-
ible region. The advantage of metallic coating lies in their broadband reflec-
tivity and high tolerance to thickness variations. Reflectivity of silver is 
highest among all other materials and it makes Ag the most popular choice 
for commercial applications (48–50). Silver coating can be used as a trans-
parent window for visible light and reflective surface for IR radiation at the 
same time. The composite formation with silver and nanocrystalline silver 
can be processed into composite material by using metal oxide as a base and 
top layer (51). This process reduces the metallic glare of the silver without 
significant reduction in its reflectivity. The metal oxide layer also provides 
scratch and corrosion resistance to the reflective layer. The reflectivity of 
other coinage metals such as copper and gold is also comparable to silver, 
but oxidizing tendency of copper and high cost of gold makes them less 
popular choice of reflective materials (52,53). Dalpati et al. have demon-
strated fabrication and application of TiO

2
/Cu/TiO

2
 heat reflector coating 

for use in heat regulating smart windows. They observed that on annealing 
the reflector film, the crystal quality of the TiO

2
 improved and its IR reflec-

tance is also increased up to 85% at 1200 nm (Fig. 2.3) (54). Aluminum is 
another transition metal, which is used extensively as reflecting material, 
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especially in the applications, which require broad spectral range of reflec-
tion (55). Aluminum is used as reflective surface in telescope mirrors and 
as parabolic or curved mirror in flat solar concentrators, but it is prone to 
weathering, which decreases its specular reflectance. The high IR reflectiv-
ity of metal-based coatings is due to the abundance of free electrons. But 
this also makes them susceptible toward easy wear and tear and corrosion.

The durability of the metallic coating can be enhanced by making its 
hybrid with a transparent protective coating. The coating materials are usu-
ally other transition metals or metal oxides such as TiO

2
 and SiO

2
. These 

materials are applied to protect the front surface of the reflective metal by 
dip coating, sol–gel thin coating, PVD, CVD or sputtering, electro or elec-
troless plating (56). The efficiency of the processes various with the choice 
of protective coating used and the method of coating. The optical properties 
of metal-based coating depend upon nucleation and growth phenomena 
and the impurities. The optical properties of metal and metal oxide coatings 

Figure 2.3 (A) Demonstration of TiO
2
/Cu/TiO

2
 heat reflector on glass substrate after 

thermal treatment (B) transmittance spectra and (C) reflectance spectra of TiO
2
/Cu/

TiO
2
 thermal heat reflection with Cu layer thickness of 20 nm top TiO

2
 layer thickness 

of 25 nm (C) inset of (B, C) show clear variation of hat reflector properties in the visible 
range and NIR region. Transmittance spectra of plain glass with and without thermal at 
600 are also compared.
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are also significantly directed by the chemical composition, stoichiometry, 
and defects along with crystallinity and crystal structure. Therefore, various 
techniques for metal and metal oxide film deposition techniques are being 
developed globally. It has been observed that even the slight variation in 
the deposition technique or variation in the composition of the chemicals 
used can alter the optical and physical properties of the reflective coating 
(57,58). CVD, PVD, ion, and magnetron sputtering and electroplating are 
the most commonly employed deposition techniques (59,60). CVD and 
PVD techniques result in uniform and thin reflective layer but the setup 
for these techniques is expensive and processing on large surface area with 
these techniques is a challenge. There are not many options available for 
finding thermally stable precursors for use in CVD techniques. At higher 
temperatures, most of the metals tend to form their respective oxides, which 
create defects and impurities in the reflective coatings. The major drawback 
of electroplating is that it results in the films of thickness 50 nm or higher; 
additionally, the substrate is also required to be conducting surface.

Metal oxides and sulfides-based IR reflective materials are mostly used 
in paints, pigments, and camouflage materials (42,45). These materials show 
some absorption in visible band and emit rest of the visible radiation. The 
radiations from the visible band, which are emitted by these pigments, cor-
respond to their color. For use in painting materials, these reflective materi-
als are synthesized in the form of fine crystalline powder, which not only 
impart the paint its color and reflective property but also help in regulating 
viscosity of the entire formulation. The industrial production of metal oxide 
and sulfide nanocrystalline is relatively a cost-effective process. The oxides 
and sulfides of Ti, Fe, and Mn are usually doped with metals such as Fe, Cd, 
Ni, Sb, Zn, Cr, Bi, Cu, and Y to adjust the response of the host material 
towards radiations (61–63). Kalbunde et al. have investigated the effect of 
the size of the nanocrystalline metal oxide on the percentage reflectivity of 
various metal oxides. It is observed that the reflectivity of the metal oxide 
decreases with the increase in the crystalline size (Table 2.2) (45).

The IR radiations can also be regulated by doping the reflective coating 
with other transition metal ions. In this process, the amount of the dopant 
is required to be controlled as excess dopant could decrease the band gap of 
the native coating material and make it more absorptive in the IR region. 
Shi and coworkers investigated the effect of dopant on the reflectivity of the 
aluminum phosphate reflective coating. They observed that on Fe3+ doping, 
there was a significant decrease in the band gap from 5.98 to 3.60 eV result-
ing in the absorption of more NIR and decrease in the reflectance (64). The 
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reflectivity of the surface could also be increased using a combination of 
dopants. Yang and coworkers have synthesized Fe/N-doped MgTiO

3
 as IR 

reflective pigment by sol gel method. The doping with Fe/N not only made 
the MgTiO

3
 pigment more IR reflective but also imparted it a dark red 

blue color (65). In another work, George and coworkers have synthesized 
yttrium molybdenum oxide-based IR reflective material using silicone and 
praseodymium as dopants. The authors have reported that the color, hue, 
and the IR reflectivity of the pigment are regulated by change in the stoi-
chiometric addition of the dopant material (66). The mechanism by which 
the dopant affects the IR reflectivity is different in the case of Si and Pr. 
In silicon-doped material, an addition phase α-Y

2
Si

2
O

7
 is formed, which 

increases the apparent concentration of Mo6+ ions in the crystal lattice; this 
results in decrease in the band gap from 2.60 to 2.45 eV. Whereas in the case 
of Pr, an additional energy level is created between O2− and Mo6+ conduc-
tion bands due to the 4f1 electrons. This change in the energy levels causes 
the red shift in the absorption edge and decrease the band gap (66).

Other class of inorganic reflective material is metal carbides. Among 
these, silicon carbide has generated profound interest in aerospace industry 
due to its tunable IR reflectivity, high strength, moderate density, smaller 
thermal expansion coefficient, higher thermal conductivity, higher specific 
stiffness, and lower thermal deformation (67,68). Metal nitrides and metal 
oxynitrides are being explored as IR regulating materials for solar applica-
tions. The advantages of these materials such as AlN, TiN, and TiAlN and 

Table 2.2 NIR reflectance properties of nanocrystalline metal oxides and 
macrocrystalline metal oxides.

Metal oxide R% at 810 nm

Mean parti-
cle aggregate 
size (µm)

Average 
crystalline 
size (nm)

Surface area 
(m2/g)

NC-CeO
2

110 61.6 ≤7 ≥50
MC-CeO

2
92 95 55 6

NC-Al
2
O

3
102 2.6 Amorphous ≥275

MC-Al
2
O

3
92 2.6 70 68

NC-TiO
2

108 14.5 Amorphous ≥500
MC-TiO

2
98 16.4 79 8

NC-MgO-I 109 4.2 8 ≥230
N-MgO-II 105 7.8 ≤4 ≥600
MC-MgO 103 2.4 23 45

MC, macrocrystalline; NC, nanocrystalline; R%, the relative reflectivity was calculated compared to 
bulk materials.
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their complex nitrides lie in the fact that they are highly heat resistant, 
abrasive, and oxidation resistant, and have broad spectral selectivity (69,70). 
The production of these films/coatings can be achieved by DC magnetron 
sputtering or PVD techniques (25). The quasi-covalent bond formed due 
to hybridization between p and d orbitals makes the nitrides, borides, and 
carbides chemical-resistant, hard, and abrasion-resistant, and the unbound d 
electron in the transition metal imparts them metal like electrical proper-
ties. Therefore, a number of reflective and antireflective coatings are being 
developed for solar and electro optical applications.

4.2 NIR regulating organic materials
IR regulating organic materials are rare. The difference in the refractive 
indices of the organic materials is generally too low and a multilayer sys-
tem is required to achieve significant IR reflection. The durability of these 
materials is not as good as that of the inorganic counterparts. However, the 
organic materials have found wide spread applications as a base material or 
one of the coatings in multilayered IR regulating surface. Organic pigments 
are also used in textile printing, inks, and paints. Examples of organic ori-
gin pigments include halogenated copper phthalocyanine, azo compounds, 
and a few perylene derivatives (71–73). Chlorophyll is naturally occurring 
IR reflective compound but due to its poor chemical stability, it cannot be 
used in commercial application. IR regulation is also reported by using liq-
uid crystal (LC)-based switchable devices (74–77). These devices work on 
the fact that the orientation of the liquid crystals can be altered by apply-
ing an electric field, which also affects their transmittance. Liquid crystals 
are mainly of six types such as nematic, smectic, twisted nematic, choles-
teric, guest–host, and ferroelectric (63,76). Among these, guest–host LCs-
based switchable windows technology is commercialized since 1990 (63). 
Cholesterics liquid crystals are also employed for IR regulation for a vari-
ety of reflection-based technologies. The drawback with the use of regular 
cholesterics is their restricted d band width in the IR region (100 nm) but 
this problem can be solved by laminating a number of layers of this material 
during processing.

Khendelwal et al. have reported synthesis of organic-based IR reflectors 
for energy conservation. They have reported that energy consumption for 
temperature moderation in a building can be reduced by more than 12% by 
using a switchable IR reflector compared to a normal double glazing win-
dow and 9.3% compared to a static IR reflector (78). The authors have fab-
ricated an electrically switchable dye (coumarin)-impregnated cholesteric 
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polymer gel-based coating. The schematic of this reflector is depicted in 
Fig. 2.4. Upon removing the electric voltage, orientation of the molecules 
reverts back to the original state in the presence of an alignment layer and 
polymer network.

A broadband IR reflector is also reported by Chen et al. by polym-
erizing LC cross-linker in the presence of azobenzene derivative (79). 
Nanoparticle-polymer composites are also used as IR regulating materials. 
The additional advantage of the polymer based reflective materials is ease of 
processing for commercial applications.

5 Active, passive, transparent, and opaque coating

In Sections 2.2 and 2.4, interaction of infrared radiation with metals and 
nanostructures, and its regulation using organic and inorganic materials 
were discussed in detail. This section endows details on the applicability of 
various IR coatings considering future energy supply and demands.

The wavelengths at which different optical coatings (thin films/nano-
structures) perform varies over a large range. The selection of materials for 
coating depends on the application for which the particular system is being 
used under certain environmental conditions. The material coatings mainly 
are discussed in the context of coating for energy saving window appli-
cations. Cooling or heating strategy that keeps indoor comfort without 
electricity requirement could have a significant impact on global energy 
consumption. In order to cater to future energy supply and demands, and to 
slow down the insidious effects of global warming, energy-efficient build-
ings, vehicles, and windows are gaining importance (80,81). In that regard, 
a smart window is an energy proficient device that regulates heat accord-
ing to weather conditions (summer/winter) at minimum demand of paid 
energy (air conditioning in summer) (82–84). Windows are most important 

Figure 2.4 Schematic diagram shows the planar state (left) and homeotropic state on 
applying the electric voltage.
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part of the building as they can be active, passive, opaque, and transparent at 
the same time. Many studies have been carried out in the context of smart 
windows (54,80,84–86).

Glass is used as a window on which no coating is performed. It allows 
the passage of visible light transmission as well as solar heat that increases 
the heating as well as cooling of the building structure. Materials coating is 
being performed on the glass to eliminate solar heat and reducing energy 
consumption. The materials are selected based upon their optical proper-
ties. They should be highly transparent in the visible region (380–760 nm) 
with high reflectance in the infrared spectral region (800–2500 nm) (80). 
The coating should be such that the long-wave radiation should not enter 
in the room from outdoors during summers, and should not escape from 
inside during winters, thus leading toward lower energy consumption dur-
ing both the seasons (Fig. 2.5) (54,80,85). The spectral properties of such 
perfect windows are shown in Table 2.3. The energy serving approaches can 
be divided into two forms of active and passive coatings.

The active methods include improvement in heating and ventilation 
conditions. However, passive methods are related to the improvement in the 
properties and thermal performance of the building envelops (84). The per-
formance can be affected by adding thermal insulation to wall, using cool 
coatings on roofs and coated window glazing. These modifications lead to 
the change in the thermal properties and act as passive ways. These coatings 
can be applied by using various ways such as low-emission (low-e) coatings, 
thermos-chromic, aerogel, photochromic, electrochromic, gasochromic, and 
suspended particle and liquid crystal techniques.

Among various techniques mentioned, the low emissivity coatings are 
one of the potent techniques in regulating the long-wave thermal emission 
properties. Such low-e coatings aspire to allow the visible light pass through 
and block the IR and UV wavelengths and solve the purpose (87). There 
are various material coatings that are carried out on the glass to form the 
smart windows. Few of them are discussed in the 2.5.1 and 2.5.2 sections.

5.1 Dielectric/metal/dielectric coatings
In dielectric/metal/dielectric-based structures, dielectrics are made from 
metal oxides such as TiO

2
, SnO

2
, ZnO, HfO

2
, Cu

2
O, and ZrO

2
 whereas, 

the metal component typically comprises of silver (Ag), Au (gold), copper 
(Cu), and nitride-based materials (87). The D-M-ubD-based mutilayered 
coatings on glass substrates serve that purpose for energy saving, as shown 
in Fig. 2.6. The thin metal layer is used for IR reflection and dielectric layers 
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for surface passivation (88–91). The thin metal layer must have low refrac-
tive index in the visible region. The D-M-D multilayered coatings regu-
late the heat transmission along with the transparency; hence, less energy is 
consumed in heating and cooling the building. The techniques of growth, 
structure, and morphology play an important role in regulating the IR radi-
ation. Therefore, materials selectivity play an important role in regulating 
the heat with visible transparency.

Figure 2.5 Diagrammatic sketch of perfect windows. The perfect windows for (A) sum-
mer and (B) winter are shown (80).
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Apart from the optical transparency in the multilayered coatings, dura-
bility also plays an important role. The durability to resist from scratches and 
corrosion from long-term environmental exposure has been reported by 
Hu et al. (92) by providing the concept of “first durability then reflectivity.” 
Various transition metals such as Ti, Zr, Hf, V, Nb, Ta, Cr, and Mo were sug-
gested as the durable base, and reflectivity was improved by impinging silver 
and gold multilayers (92). According to their findings, the traditional mir-
ror coating such as Al/SiO

2
 films is best suited for moderate environments; 

however, Ag-doped HfN film works for harsh environments (Fig. 2.7). In 
other work by Mishra et.al, it is found that Al mirror reflectivity can be 
enhanced by using multilayers of Al-SiO

2
, Al-SiO

2
-TiO

2,
 and Al-Ni-Ag-

SiO
2
-TiO

2
. No change was found in the reflectivity behavior of these mul-

tilayers in harsh (accelerated weathering condition and under salt spray with 
different hours of exposure) conditions (55). The D-M-D-based thin-film 
encapsulation was designed by Kwon et al. using hybrids of Al

2
O

3
/Ag/

Al
2
O

3
/S-H (nanocomposite)/Al

2
O (93). Here, Al

2
O

3
 is used as a dielectric 

layer and Ag as an insertion metal layer. This novel design and technology 

Table 2.3 Spectral properties of perfect windows (80).

Season
Spectral  
properties

Solar spectrum

Long-wave ther-
mal radiation 
(λ > 2.5 µm)

Visible light 
(0.4–0.7 nm)

λ < 0.4 µm or 
0.7 < λ < 2.5 µm Outdoor Indoor

Summer Spectral trans-
mittance (τλ)

100% 0% 0% 100%

Spectral 
reflectance 
(τλ)

0% 100% 100% 0%

Spectral  
absorptivity 
(αλ)

0% 0% 0% 0%

Winter Spectral trans-
mittance 
(τλ)

100% 100% 100% 0%

Spectral  
reflectance 
(τλ)

0% 0% 0% 100%

Spectral 
absorptivity 
(αλ)

0% 0% 0% 0%
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provided the flexible and wearable structure in context of stress relaxation, 
and heat dissipation (93).

From the above discussion, it is inferred that the growth and micro-
structure of the dielectric layer play an important role in the D-M-D-based 
coatings. Thus, there is need of designing and optimizing the growth param-
eters and techniques to fabricate the dielectric layers. Apart from the growth 
of dielectric layer, the selection and thickness of metal layer also play an 
important role. The thickness of the metal layer affects the optical properties 
and hence emissivity in I-R coatings. Furthermore, the metal layer should 

Figure 2.6 (A) Schematic diagram of DMD bases transparent heat mirror. Comparison of 
optical (B) transmittance and (C) reflectance of glass, thin film Cu (20 nm) and TiO

2
/Cu/

TiO
2
 (50 nm/20 nm/50 nm) multilayered thin films without thermal treatment (54,87).
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be chosen so that the interdiffusion of the metal layer is avoided during 
deposition and hence the stability gets enhanced (94). Thus, the optimiza-
tion of metal layer thickness is also an important factor in D-M-D-based 
I-R coatings.

5.2 Thermo-chromic materials and coatings
These are the materials whose optical properties are varied as a function of 
temperature. The properties of the materials are changed upon heating and 
while cooling, the material returns to its original state. The change in opti-
cal properties on heating and cooling is related to the change in the phase 
structure of the material. The transmittance and reflectance are modified 
due to phase transition. This change in phase, and hence optical proper-
ties of a material by heating and cooling, results in generation of the color, 
hence the name thermo-chromic (T-C) materials.

Figure 2.7 (A) The reflectance spectra of the Ag-doped HfN films before/after immer-
sion in a NaCl solution at 35°C for 10 days. Surface of these Ag-doped HfN films (B) be-
fore immersion (0 day) and (C) after immersion for 10 days. (D) The reflectance spectra 
of Al/SiO

2
 film before/after immersion in the same NaCl solution for 10 days. (E) Reflec-

tance of the Al/SiO
2
 films at various infrared wavelengths (2, 2.5, 4, and 10 µm) as a func-

tion of the immersion time. Typical surface of Al/SiO
2
 films (F) before immersion (0 day), 

(G) after immersion for 4 days, (H) 5 days, and (I) 10 days (92).
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The T-C materials play an important role in reducing the energy con-
sumption and target toward lowering future energy demands. The T-C materi-
als optimize the optical properties of a material and reduce the unwanted solar 
energy gain (80,87,95,96). There are various materials that are used for T-C 
coating. However, vanadium dioxide (VO

2
) proves to be an ideal material for 

such coatings. VO
2
 is initially at monoclinic state. The monoclinic state changes 

to rutile at 68°C. This phase change with the change in temperature shows the 
reversible metal to semiconductor phase transition (81,86,87), see Fig. 2.8. The 
change in phase with temperature of VO

2
 leads to stupendous optical proper-

ties (81). At low temperature (below transition temperature), VO
2
 is in insu-

lating state and allows transmission of the visible and IR. As the temperature 
rises above transition temperature, the VO

2
 film is converted to metallic phase 

that allows visible light but blocks IR (87,98). This transition of phase with 
temperature allows VO

2
 to be a T-C material for smart windows application.

Yang et al., in their studies, show the integration of thermochromic VO
2
 

on flexible substrates forming hybridized VO
2
/graphene, see Fig. 2.9. These 

T-C coating-based smart windows may respond to environmental tempera-
tures to regulate light transmittance (86).

In order to modify the optical properties of VO
2
 for smart window appli-

cations, it is doped with various metals (87,98). Doping with metals changes 
the transition temperature of VO

2
 films (87). Tungsten (W) has proven to be 

a wonderful metal for doping as it reduces the transition temperature VO
2
 

to 25°C by 2% doping (98). Apart from W, gold (Au) and fluorine have also 
been reported to be used as dopant materials (84).

Figure 2.8 Schematic representation of thermos-chromic materials applied as an intel-
ligent windows coating (84,99).
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6 Conclusions

The interaction of IR radiation with various materials for different coat-
ings is discussed in this chapter. It is inferred that multilayer coatings play 
an important role in energy-efficient smart window applications by varia-
tion in their optical properties. The wavelengths at which different opti-
cal coatings (thin films/nanostructures) perform vary over a wide range of 
wavelengths. Different materials coatings, such as dielectric-metal-dielectric 
(D-M-D) and thermo-chromic (T-C) are discussed. The chapter discusses 
in brief about the selection of materials, synthesis techniques, for the differ-
ent IR coatings.
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