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Chapter 11

CONDUCTIVE NANOPARTICLES APPLIED
FOR SOLAR CONTROL WINDOWS
Keisuke Machida, Atsushi Tofuku and Kenji Adachi
Ichikawa Research Laboratories,
Sumitomo Metal Mining Co., Ltd., Japan

ABSTRACT
Solar control windows, which shield considerable amount of near-infrared (NIR)
light yet transmit visible light, are realized with conductive nanoparticles dispersed in
binder resins. Those windows using nanoparticles have advantages over conventional
technologies in low solar energy gain, transparency to radio-wave frequencies, high
stabilities and low cost, while keeping visible transmittance high. Especially
nanoparticles of lanthanum hexaboride (LaB6) and Cs-doped tungsten oxide (CWO) have
excellent NIR-blocking properties at significantly little amount used.
The origin of NIR absorption by dispersed nanoparticles was investigated by
measuring dielectric functions and using electron energy-loss spectroscopy, and the
localized surface plasmon resonance was found as responsible for such a strong
absorption.
A numerical approach to calculate optical extinctions using Mie theory suggests that
the numerous-particle effect and dielectric modification of nanoparticles due to surface
oxidation should be taken into account for the observed broad-banded NIR absorption
profiles, in addition to the effects of variations of particle shape and diameter. These
NIR-absorbing nanoparticles are applied to solar control films in automotive and
architectural windows, laminated glasses for automotive windshield, plastic glazing for
arcade roofs and domes, on-site solar control coatings for existing windows, among
others.
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1. INTRODUCTION
In the global warming many countries suffer from the solar heat during summer. A
scorching heat brought from the direct sun is significant near window side in buildings and
cars, promoting the development of air conditioning technologies within these several
decades. An enormous amount of electric power is consumed in summer accordingly.
In order to soften the direct heat on skins and reduce the electric load of air conditioning,
functional solar control materials have been investigated. Figure 1 shows the solar spectrum
and an ideal solar control filter. Sunlight consists of ultraviolet (UV, wavelength between 280
and 380 nm), visible (VL, between 380 and 780 nm), near infrared (NIR, between 780 and
2500 nm) and middle infrared (MIR, between 2500 and 4000 nm) light. The NIR light
occupies a great part of the spectrum to radiate an uncomfortable heat at high intensity.
Therefore, transparent windows that block NIR selectively have been desired to reduce
unwanted heat penetration into our offices, houses, and automobiles and keep us comfortable.
An ideal solar control window blocks UV and NIR completely while keeping visible light
transmittance (VLT) 100 % as shown in Figure 1. Solar control technology seeks this ideal
profile. Solar energy balance across a window is shown in Figure 2. An incident light is either
reflected at the surface of the glazing, absorbed through the window, or transmitted. The
absorbed light increases the temperature of the glazing and emits heat radiation outside and
inside the window. Total solar energy transferred inside the window, called Tts, is the sum of
the transmitted light and the radiation inside, and represents a reference index of the solar
control property of a window [1,2].

Figure 1. Solar spectrum and ideal solar control filter.
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Figure 2. Solar energy balance across a window.

Conventional technologies to realize solar control windows include tinted resin films,
heat-absorbing glasses, heat-reflecting glasses (glasses coated by a thin metal layer), metaldeposited reflective films, sputter-coated glasses/films with a multilayer of silver and
dielectrics, infrared reflective films with a multilayer of resins having continually-changing
refractive indices, etc.
Tinted resin films are those colored by ordinary pigments with a function only to cut a
part of VL. They reduce Tts in sacrifice of VLT, and have generally a poor weathering
stability.
Heat-absorbing glasses contain solute additives such as iron, cobalt, and chromium,
wherein intraband transitions take place to cause NIR absorption. They are mass-produced for
a low cost, but with shortcomings of a relatively low infrared shielding effect, a limited
variation of colors, and a difficulty in fine adjustment of VLT.
Heat-reflecting glasses and metal-deposited films reflect radio-waves and cause
communication failures of GPS and mobile phones. They reflect a part of VL to lower visible
transparency and show a metallic glossy appearance like mirrors. Reflected VL occasionally
glares at surrounding buildings or people. Deposited metal layers tend to degrade with water
and decrease the NIR blocking performance.
Metal/dielectric multilayered sputtered glasses/films and multilayered resin films provide
superior NIR blocking property, but are naturally high cost due to the vacuum sputtering
process or the wet process to stack numerous polymer thin layers.
A nanoparticulate solution to these problems has recently attracted attention for its unique
performance. Selective absorption of light by conductive particles is well known through the
unique coloration of noble metal nanocolloids [3,4]. Coloration of gold colloid, for example,
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is applied to automotive body paints. However, noble metal nanocolloids are not applied for
solar control windows because of their strong absorption of VL. Instead, various inorganic
conductive materials like transparent conductors, conductive borides and oxides are used as
addressed in the following.

2. SUITABLE MATERIALS FOR SOLAR CONTROL
Figure 3 shows transmittance profiles of typical solar control nanoparticle dispersions, i.
e., antimony-doped tin oxide (ATO), tin-doped indium oxide (ITO), lanthanum hexaboride
(LaB6), and cesium-doped tungsten oxide (CWO). These dispersions maintain high
transmittance in VL, while absorbing, but not reflecting, much of NIR. Solar intensity is high
in the shorter wavelengths in NIR, which region is absorbed particularly well by LaB6 and
CWO. Solar control performance of these materials are shown in Figure 4 in terms of visible
transmittance and the shading coefficient (SC), which is the normalized value of Tts relative
to 3 mm-thick clear float glass. This chart indicates that the nanoparticle-dispersed films have
generally a better property than the conventional heat-absorbing and heat-reflecting glasses. It
is noteworthy that the IR-absorbing technology of the CWO nanodispersion offers as
excellent a solar control property as the IR-reflective technologies of ITO sputtered glass and
multilayered solar reflective films.
ATO is normally used as a transparent conductor at antimony content of 2 % to 7 %. This
composition range will result in the absorption peak in MIR over 2500 nm. As the antimony
content is increased to as much as 10 %, free electrons are increased to shift the absorption
peak to NIR [5] and the NIR-shielding characteristic emerges as shown in Figures 3 and 4.
The absorption in VL is weak and plateau, so that dispersed ATO gives a color of neutral
gray.

Figure 3. Transmittance profiles of typical nanoparticle dispersions.
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Figure 4. Shading coefficient vs. transmittance of solar control materials. Data of nanoparticles are
measured on coated PET films adhered on 3 mm thick clear glasses.

Solar control performance of ATO is not the highest since ATO absorbs poorly around
800-1400 nm where solar intensity is high. In addition, a relatively large amount of ATO
nanoparticles is required to obtain an effective solar control, as shown in Figure 5. ATO is
usually applied for inexpensive solar control films and on-site coatings for existing windows,
owing to its high stability and reasonable cost. Fluorine-doped tin oxide (FTO) has a similar
absorption as ATO and is utilized as well.
ITO is the most reputed transparent conductive oxide. NIR absorption of its nanoparticle
dispersion has been abundantly reported. For example, Garcia et al. indicated that ITO
nanoparticles with increasing tin content have decreasing absorption wavelengths [6].
Kanehara et al. observed that NIR absorption property of ITO nanoparticles depends on the
amount of tin and the refractive index of dispersion medium [7]. Tin doping by 10-15 % gives
ITO the most efficient absorption in the NIR region. The cost of ITO dispersed film is high
because of the rare indium metal and a high amount of usage due to the relatively low
absorption coefficient. ITO has a greater solar shielding performance than ATO. Color of ITO
dispersion is neutral with very minute bluish tint. ITO is used to obtain high solar control
performance in applications such as architectural films and automotive laminate glasses.
LaB6 is a black conductive boride material with a low work function and high electron
emissivity, thus applied to, e.g., an electron source of transmission electron microscope. The
fact that LaB6 exhibits strong NIR absorption when dispersed as nanoparticles has been found
in 1997 by Sumitomo Metal Mining Co., Ltd. (SMM) and became publicly known before
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2002 [8-10]. A series of lanthanoid hexaborides exhibit a similar NIR absorption due to
similar energy structure, among which the lanthanum hexaboride shows the best solar control
property [11].
Unlike ATO or ITO, LaB6 dispersion offers a greenish tint. At a very little usage, on the
order of 0.1 g/m2, LaB6 produces a large NIR absorption with high VL transparency; this is
only about one-eightieth to one-hundredth the amount necessary for ATO or ITO to have the
same NIR-shielding effect as shown in Figure 5. Such a strong absorption is derived from an
extremely high molar absorption coefficient of LaB6. A weathering stability of LaB6 against
UV light and heat is high. However, films of LaB6 nanoparticles may at times show a color
fade in high-humidity or hot water-immersed environments by a surface oxidation. A
nanolayer surface coating of LaB6 particles by silicates has been developed to improve
stability against humidity significantly [12].
Tungsten trioxide is an insulating material, which becomes a conductor by reduction of
oxygen and/or doping with other elements [13,14]. Magnéli phase such as WO2.72 is a typical
reduced conductive phase of tungsten trioxide. Sodium-doped tungsten oxide, NaxWO3, is a
typical alkali-doped conductive phase, and belongs to a family of so-called tungsten bronze.
Both Magnéli phase and tungsten bronze are found to show a superior NIR-shielding
characteristic when dispersed as nanoparticles [15,16]. Especially, hexagonal tungsten
bronzes have been found to exhibit the highest transparency in VL in addition to the strong
and wide-banded NIR absorption [16]. When elements with large ionic radius such as alkali
metals (potassium, rubidium and cesium) and alkali earth metals (strontium and barium) are
doped to tungsten trioxide, a hexagonal structure tends to be formed.
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Figure 5. Amount of usage of typical solar control nanoparticles.
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Figure 6. Hexagonal crystal structure ((0001) projection) of Cs0.33WO3.

A dopant M occupies the regular vacant sites in the hexagonal lattice, and the occupation
maximizes when M/W = 0.33. This is visualized in Figure 6 for the hexagonal crystal
structure of Cs0.33WO3 (CWO), which possesses the best solar control performance among the
hexagonal tungsten bronzes.
CWO has been developed by SMM in 2004 [17-19]. As shown in Figure 4, extremely
high solar control performance exceeding those of ITO and LaB6 nanoparticles is realized
with CWO. It possesses lightly bluish tint, which is favored in markets. Standard usage
amount of CWO is little as about one-tenth as compared with those of ATO and ITO. CWO
nanoparticles embedded in binder resins are generally stable for light and heat. However, a
weak photochromic effect may be observed by a long-time radiation of strong UV light. An
addition of UV absorbers, antioxidant agents or hindered amine light stabilizer (HALS) can
contribute to stabilizing a color and transmission of CWO dispersed films.

3. PHYSICAL ORIGIN OF THE NIR ABSORPTION
LaB6 powder was hot pressed to form a sintered pellet. The extremely hard surface of the
pellet was polished and measured with a spectroscopic ellipsometer to determine the
dielectric function. The real part (ε1) and the imaginary part (ε2) of LaB6 dielectric function
are shown in Figure 7. ε2, which represents a dielectric loss to cause an absorption of light,
shows a peak at 3.7 eV (335 nm) in the UV region. This absorption peak corresponds to the
interband transition from 2s and 2p bonding orbitals of boron to a vacant orbital in the
conduction band [20]. However, there are no observable peaks in 2 corresponding to the
optical absorption around 1000 nm (1.24 eV) of LaB6 dispersion. Considering the abundant
free electrons involved in LaB6 it is implied that the optical absorption around 1000 nm is
originated from the localized surface plasmon resonance (LSPR) of conductive nanoparticles.
As supportive evidence, transmission profiles of LaB6 nanoparticles with different
diameters are shown in Figure 8, which were measured using LaB6 dispersed coating in UVcurable resins on polyethylene terephthalate (PET) films [21]. When the size of LaB6 is
greater than 1 m, little absorption is observed in the NIR region. Only when the size is
decreased to a nano-order, an appreciable NIR absorption is observed. Strong absorption
appears when the particle size is decreased below 100 nm, which is a characteristic feature of
LSPR. This size dependence agrees qualitatively with the result of analysis using Mie theory.
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Figure 7. Dielectric function of LaB6.

Figure 8. Absorption profiles of LaB6 nanoparticles of different diameters [21].

Figure 9 shows an electron energy loss spectroscopy (EELS) spectrum of a LaB6
nanoparticle measured using a high energy-resolution apparatus equipped in TEM [22,23].
An absorption peak based on surface plasmon is clearly observed at 1.3 eV (954 nm), in
contrast to a volume plasmon peak observed at 2.0 eV (not shown here) for a bulk LaB6
crystal. This plasmon energy, 1.3 eV, coincides with the absorption energy observed in the
optical measurement of LaB6 nanoparticles dispersed in resins. Therefore, the origin of the
NIR absorption of LaB6 dispersion can be ascribed to LSPR.
A similar analysis has been conducted for CWO. Measured dielectric functions, ε1 and ε2,
are shown in Figure 10. ε2 indicates not only a peak originated from the interband transition at
4.3 eV, but also another peak at 1.6 eV. The latter peak corresponds to the optical absorption
subpeak near 900 nm in Figure 19 and is believed to originate from a small polaron [17]. In
tungsten oxides, polaron is formed at W5+ when an electron is injected to W6+ and the lattice
is distorted in a WO6 octahedron, which causes a polaronic optical absorption [24,25].
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Figure 9. EELS spectrum of LaB6 nanoparticle [22].

Both tungsten bronze and Magnéli phase consist of WO6 octahedra as a common
component. Antonaia et al. [26] measured absorption coefficients of Magnéli phase (WO2.83)
and identified the observed peak around 1.5 eV as a small polaron. In contrast, the main
absorption peak of CWO dispersions between 900 and 2000 nm (0.6-1.38 eV) is not observed
in ε2. CWO is a high conductor with plenty of conduction electrons [27], and it is suggested
that this absorption is also derived from the activity of LSPR [17].
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Figure 10. Dielectric function of Cs0.33WO3 [17].
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High energy-resolution EELS [28] measurement has been made for CWO nanoparticles
and the obtained profiles are shown in Figure 11. Depending on the probed point by electrons,
different EELS profiles have been obtained, i.e., the plasmonic dipole mode (0.88 eV) is
dominant on the particle edge, whereas the multi-pole mode and single electronic transition
(1.4 eV) are dominant inside the CWO nanoparticle. The EELS spectrum from the particle
edge matches up well with the optical profile, Figure 12, of CWO nanodispersion with the
peaks at 0.84 eV and 1.35 eV, respectively. It indicates that the two mechanisms, LSPR and
polaron absorptions, are responsible for the NIR absorption of CWO nanoparticles [17,28].
The NIR absorptions of ATO and ITO have been reported to be derived from LSPR as well
[5,7].

Figure 11. EELS spectra of Cs0.33WO3 nanoparticle [28].

Figure 12. Experimental and calculated extinction profiles of Cs0.33WO3 [17].
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4. MIE ANALYSIS
It has been a general practice to analytically calculate absorption and scattering of light
by a particle using Mie theory with dielectric functions of each material and the surrounding
medium [29]. A FORTRAN77 program named bhmie developed by Bohren and Huffman
[30] is often used for this purpose. Here extinctions of light by LaB6 and CWO nanoparticles
have been analyzed using a modified version of bhmie.
Calculated extinction cross section of LaB6 nanoparticles dispersed in a medium of
refractive index 1.5 is shown in Figure 13 for different particle size of 20-200 nm in diameter.
Each profile represents calculation result for a single LaB6 nanoparticle. For comparison,
extinction is normalized by cubic diameter since the number of particles at constant filler
concentration is proportional to diameter cubed. Characteristic features of LaB6 assembly,
i.e., a high transparency in VL and a strong absorption in NIR, are manifested and coincide
qualitatively with the experimental profile.
However, as shown in Figure 14, there is a considerable difference in the peak location
and peak width of NIR absorption between the calculated and experimental profiles [21]. The
measured peak is shifted to longer wavelength with a far much wider range of absorption as
compared with the theory. The same tendency is seen for CWO as shown in Figure 12. This
fact can not be explained simply by the effect of variation in particle size. Similar
discrepancies have been reported for other conductive nanoparticles such as silver [31].
Yamaguchi et al. have signified three factors; size, shape, and retarded phase of dipole-dipole
interactions as causing the discrepancies, and pointed out the effect of shape to be dominant.
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Figure 13. Calculated extinction cross sections of LaB6 with different diameters.
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Figure 14. Experimental and calculated extinction profiles of LaB6 [21].

A large dependence of optical absorption wavelength on particle shape due to LSPR has
also been reported on gold and silver nanocoloids with the shape of nanoprisms [32],
nanocubes [33], and nanowires [34]. Those nanoparticles of different shape have different
LSPR absorption wavelengths from ordinary spherical particles. Figure 15 shows a TEM
image of LaB6 nanoparticles in practical use, where non-spherical and greatly distorted
shapes are more commonly observed [11]. It suggests that variation in the shape of particles
contributes to the wide-banded absorption.

Figure 15. TEM image of LaB6 nanoparticulate dispersion [11].

For sufficiently small particles compared with the wavelength of light (Rayleigh
particles), absorption and scattering of particles in a general spheroidal shape can be
calculated by estimating contributions of electronic polarizations in both short axis and long
axis directions [30]. Simulated absorption profiles of LaB6 nanoparticles with cigar-like (two
short axes and one long axis) and disk-like (one short axis and two long axes) shapes are
shown in Figures 16 and 17, respectively. Here the expression of absorption rather than

Conductive Nanoparticles Applied for Solar Control Windows

211

extinction is used, which is justified as they give similar values for Rayleigh particles. It is
indicated that absorption peak wavelengths can be varied widely by changing the ratio of
short and long lengths of particles in a practically reasonable range. However, it is obvious
that whatever variations in shape of single particle one may have, they would not explain the
observed wide-banded absorption peak. One breakthrough to this problem would be to take
into account an enormous number of particles of different size and shape to contribute to the
observed profile.

Figure 16. Calculated absorption cross sections of cigar-like LaB6 nanoparticles.

Figure 17. Calculated absorption cross sections of disk-like LaB6 nanoparticles.
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Figure 18 shows integrated absorption of 100,000 cigar-like and disk-like particles with
various aspect ratios in a Gaussian distribution. It is clearly shown that the incorporation of
the numerical-particle effect dramatically improves the agreement, especially the peak width.
A simulation postulating cigar-like particles of mean a/c = 2.7 and disk-like particles of mean
a/c = 5.0 with a ratio of 1:3 comes close to the measured profile, although a slight mismatch
is still present.
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Figure 18. Integrated absorption cross sections of cigar-like and disk-like LaB6 nanoparticles.
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Figure 19. Calculated extinction cross sections of Cs0.33WO3 with different diameters.
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This mismatch may be attributed to the assumption of Rayleigh particle size for the
calculation basis, and also to the possible modification of the dielectric function of the
nanoparticle per se. Actually the surface oxidation of LaB6 nanoparticles to produce LaO has
been observed using XRD [11] and EELS [22], which could modify dielectric property of
nanoparticles.
Calculated absorption profiles of spherical CWO particles of different size are shown in
Figure 19 with an experimental profile of the mean particle size of 20 nm. It is noted that the
polaron peaks at around 700 nm stay nearly invariant, whereas the main plasmon peak is
variable with particle size. The extinction band widths are much narrower than the
experimental profile. Similarly as LaB6, absorption profiles of CWO have been calculated
with the effects of cigar-like and disk-like shape variations taken into account, as shown in
Figures 20 and 21. The invariance of the location of the polaron peak is notable. It is evident
that the simulated profiles do not match with the experimental profile, although less shape
deviation from the sphere appears to be required for CWO than for LaB6.
As with the case of LaB6, the numerous-particle effect has been analyzed for CWO by
incorporating 100,000 cigar-like and disk-like particles into consideration, as shown in Figure
22. The added-up simulated profiles present a comparable broadness of the absorption band
with the experimental profile. A relatively good match is found when cigar-like particles
varied about a/c = 1.6 and disk-like particles varied about a/c = 2.8 are distributed at 1:2,
except for the polaron peak that stays at 700 nm, displaced by 200 nm from the experimental
peak location. This difference may be ascribed to the possible change in dielectric function of
CWO nanoparticles, considering the deficiency of cesium atoms near the surface as observed
by EELS and TEM [28]. An atmospheric grinding process producing a local high heat is
supposed to cause the surface oxidation of CWO particle to knock out Cs and affect its
dielectric property.
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Figure 20. Calculated absorption cross sections of cigar-like Cs0.33WO3 nanoparticles.
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Figure 21. Calculated absorption cross sections of disk-like Cs0.33WO3 nanoparticles.
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Figure 22. Integrated absorption cross sections of cigar-like and disk-like Cs0.33WO3 nanoparticles.

From the Mie analysis it is realized that the observed NIR absorption consists of
contributions from numerical particles of different size, shape, and dielectric property and that
the dielectric function of nanoparticles may be modified from the bulk dielectric function.
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5. APPLICATIONS
1) Solar Control Adhesive Films for Automotive and Architectural Windows
NIR-shielding nanoparticles are applied to solar control films on windows of automobiles
and buildings. In order to improve a scratch resistance, hard-coat layers are usually formed on
PET films, where LaB6, CWO, ATO or ITO nanoparticles are dispersed to add solar control
function to the films. An amount of LaB6 and CWO incorporated is properly adjusted so as to
obtain a high enough transparency, though tinted slightly. LaB6 and ATO are occasionally
used in combination, as their absorption wavelengths are complementary [35,36]. Dyes and/or
pigments can be mixed in the hard-coat layers, adhesive layers or PET itself to control colors
of films. Greenish LaB6-dispersed films, for example, may be adjusted to the color of neutral
gray by adding iron oxide pigments, when simultaneously meriting with an additional UVshielding effect.
Furthermore, a privacy-protection function can be obtained by incorporating black
pigments to decrease visible transparency significantly, which in turn improve Tts and reduce
an incoming solar heat. Organic UV absorbers such as benzophenone and benzotriazole are
also applicable. Such functions add value to the films to be environmentally sensitive and to
create a comfortable human space.

2) Solar Control Interlayer of Laminated Glasses
Figure 23 shows a schematic of laminated glass with solar control nanoparticles.
Laminated glasses have improved security and safety by sandwitching a resin sheet either of
polyvinyl butyral (PVB) or ethylene-vinyl acetate copolymer (EVA) between two glass
plates. Those resin interlayers provide a low-air and low-water flow environment for solar
control nanoparticles for a long and stable life.

Figure 23. Solar control laminated glass.

Solar control laminated glasses [37] are mostly installed in windshield and side-front
glazing of automobiles. Although ordinary automobiles are set with laminated glasses with a
blank PVB interlayer and a pair of green glasses, an increasing number of hybrid vehicles
(HV) and electric vehicles (EV) are equipped with an interlayer containing solar control
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nanoparticles such as ITO and CWO, thereby reducing a load of air conditioning during
summer and increasing a cruising distance of EV.

3) Solar Control Plastic Glazing
Organic plastic glasses of polycarbonate (PC) or polymethylmetacrylate have acquired
solar control function recently through the development of additive solar control
nanoparticles of LaB6 and CWO that do not affect much the strength of main body. Dispersion powders and masterbatches without solvent components have been developed to
knead nanoparticles into plastics directly with heat for a uniform dispersion throughout the
main body. Dispersion powders are highly-condensed nanoparticles embedded in surfactant
resins, which can be dissolved easily into solvents or melted in binder resins. Nanoparticles
can also be incorporated in protective coating layers formed on plastics.
Windows of plastic glazing are light weighted and possess high freedom of color
variation and shape as compared with those of inorganic glazing. Such solar control organic
glasses are used for transparent roofs of arcades and shopping malls, carports, glazing for
specialized vehicles and heavy machineries, and automotive rooftop, side, and back windows.
Figure 24 illustrates football stadium corridors of solar control PC walls containing LaB6
nanoparticles.

Figure 24. Solar control rooftop applied for corridors of a football stadium.

4) On-Site Coating for Existing Windows
Normal glass windows installed in buildings and houses may be coated on-site with
nanoparticle-dispersed inks to add a solar control function. Binders curable with humidity or
heat in atmosphere are added to inks of good leveling and coating performance, and provide a
high surface hardness and good weatherablity when cured. CWO and LaB6 are preferred
when shielding effect and coating hardness are important, while ATO and ITO are used when
transparency and neutral colors are selected.

Conductive Nanoparticles Applied for Solar Control Windows

217

5) Optical Filters
Applications are also made to optical filters in electronic products due to their highly
selective absorption property. The front filter of plasma display panels (PDP) is an example.
A luminescence spectrum of emissive elements in PDP is shown in Figure 25. Emission
peaks of xenon are observed in the NIR region around 800-900 nm, which may cause
malfunction of a TV remote control. CWO is partly replacing organic dyes such as cyanine
and diimonium compounds originally used, due to the good optical selectivity and high
stability to light and heat.
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Figure 25. Luminescence spectrum of PDP.

6) Agricultural Sheets
An industrial cultivation has recently been intensively practiced to meet the growing
worldwide demands of food. Sunlight of wavelength between 400 nm and 700 nm is known
to serve for the photosynthesis reaction, while that between 300 nm and 800 nm is considered
necessary to cause a photochemical effect like morphogenesis of leaves, floral inductions,
stem elongation, etc. NIR does not invoke much of the photochemical effects but disturbs the
growth of plants by its excessive heat. Therefore, solar control materials applied for external
sheets or curtains of greenhouses reduce cost of air conditioning systems or frequency of
ventilation to keep appropriate temperature in greenhouses. Solar control materials also help
to prevent overheats during daytime, improve production efficiency and keep comfort for
workers. Solar control technology for agriculture is especially suitable for productions of
tomatoes, paprikas, strawberries, roses, lilies, orchids, and leafy vegetables to name some.
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Although solar-reflective films and sheets containing phthalocyanine pigments are
sometimes used for such applications, they cost high and offer low weathering stability.
Sheets with solar control nanoparticles are produced at low cost and show practically high
stability for outside use. Polyvinyl chloride (PVC), EVA and ethylene-tetrafluoroethylene
copolymer (ETFE) are among the typical resins for solar control agricultural sheets.

7) Other Applications
Other applications include filters to adjust sensitivity of imaging sensor to that of human
eyes, solar-shading coatings for eye glasses, laser welding of plastic materials, photographic
color correction filters, and so forth.

CONCLUSION
General technologies to control sunlight, suitable kinds and properties of conductive
materials for solar control use, the origin and characteristics of NIR absorption by conductive
nanoparticles, and their actual applications have been described in this chapter. Solar control
windows using conductive nanoparticles show high solar control performance with
advantages in low costs, radio-wave transparency and high stability compared to conventional
technologies.
As the shortage of energy resources becomes increasingly eminent and public interest and
regulations in energy efficiencies of buildings and automobiles are getting more advanced,
solar control technology using conductive nanoparticles is thought to become more
popularized and important. The application to automotive windshields will especially be
accelerated with the popularization of HV and EV. Besides solar control windows new
applications such as optical filters and agricultural sheets are expected.
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