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THE RADIATION AROUND US, AND HOW IT CAN BE USED:
Review of Solar Energy Materials

Claes G. Granqvist, Uppsala University, Sweden

Abstract

Solar energy materials have properties tailored to meet requirements set by the spectral
distribution, angle of incidence, and intensity of the electromagnetic radiation prevailing
in our natural surroundings. Specifically, the optimization can be performed with regard
to solar irradiation, thermal emission, atmospheric absorption, visible light, and photo-
synthetic efficiency. Materials for thermal and electrical conversion of solar energy in
man-made collectors, as well as for energy-efficient passive design in architecture, are
typical examples. This article reviews solar energy materials with emphasis on thermal
applications of a variety of kinds. Electrical applications are given a more cursory expo-
sition, the reason being that a systems perspective—rather that a materials perspective—
is most fruitful in this case. [This article is based on C G Granqvist, “Solar Energy
Materials”, Adv. Mater. 15, 1789-1803 (2003)].

Solar energy materials have optical properties that
make them well suited for solar energy utilization
and for obtaining energy efficiency mainly in the
built environment (1). The desired properties are
often achieved by having a suitable surface coating
on a transparent or non-transparent (absorbing or
reflecting) substrate. Surface coating technology is
therefore vital for many solar energy materials.
Solar collectors for hot water production use absor-
bers whose surfaces are strongly absorbing for solar
energy, whereas energy efficiency is achieved by
having low thermal emittance (i.e., high reflectance
for wavelengths corresponding to thermal radiation)
(2). These selective absorbers need to be positioned
under a convection shield that is transparent to solar
radiation. The key property for thermal utilization
of solar energy is often spectral selectivity, imply-
ing that the optical properties are radically different
in different wavelength ranges. Spectral selectivity
can be used also in energy efficient fenestration,
either for achieving good thermal insulation com-
bined with high solar energy throughput (“low-
emittance” windows) or for com-bining good
transmittance of visible light with minimized solar
energy inflow (“solar control” windows) (3). Fur-
thermore, improved thermal insulation is possible
with silica aerogels, transparent honeycomb materi-
als, etc (4). Spectral selectivity of other kinds can
be exploited for radiative cooling, and temperatures
significantly below those of the ambience can be
achieved for surfaces that emit thermal radiation
toward the clear sky at wave-lengths for which the

atmosphere is transparent while the surface has low
absorptance at other wavelengths (5). Cooling, or at
least prevention of over-heating, is possible even in
the day provided that the materials have a high
reflectance for solar energy. Materials with strongly
angular dependent properties offer other possi-
bilities to optimize with regard to solar energy; for
example these materials can be used in windows—
even inclined ones—in order to achieve high
transmittance along a near-horizontal line of sight
and a low transmittance for significantly off-hori-
zontal angles (6).

The materials mentioned thus far have static
properties, but there are also numerous solar-
energy-related applications for ‘“chromogenic”
materials (7) whose properties can be regulated.
Electrochromic materials and devices based on such
are of particular significance and open avenues to
future architecture with buildings that are able to
combine high energy efficiency with superior
indoor comfort (8,9). The characteristic feature of
these materials is that their absorptance can be
changed, reversibly and persistently, by the inser-
tion and extraction of electrical charge. Photochro-
mic and thermochromic materials give other
options. Solar energy materials are of importance
also for the purification of water and air by
exploiting photo-catalysis (10), and more generally
for solar-driven chemical reactions. The present
article is an update on a previous one published in
2003 (11).



1. Ambient Radiation: The Basis for
Solar Energy Materials

Figure 1 introduces the electromagnetic radiation of
our ambience in a unified manner (12). The most
fundamental property of this radiation ensues from
the fact that all matter emits electromagnetic radia-
tion, which is conveniently introduced by starting
with the ideal black-body whose emitted spect-
rum—known as the Planck spectrum—is uniquely
defined if the temperature is known. Planck’s law
is a consequence of the quantum nature of the ra-
diation. Part (a) in Fig. 1 depicts such spectra for
four temperatures. The vertical scale denotes power
per unit area and wavelength increment (hence the
unit GWm™). The spectra are bell-shaped and
confined to the 2 < A < 100 um wavelength range.
The peak in the spectrum is displaced toward
shorter wavelength as the tem-perature goes up. At
room temperature, the peak lies at about 10 um.
Thermal radiation from a material is obtained by
multiplying the Planck spectrum by a numerical
factor—the emittance—which is less than unity. In
general, the emittance is wavelength dependent.
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Figure 1. Spectra for (a) black-body radiation pertaining
to four temperatures, (b) solar radiation outside the
earth’s atmosphere, (c) typical absorptance across the full
atmospheric envelope, and (d) relative sensitivity of the
human eye and relative photosynthetic efficiency for
green algae. From (12).

Part (b) of Fig. 1 reproduces a solar spectrum for
radiation just outside the earth’s atmosphere. The
curve has a bell shape and defines the sun’s surface
temperature (~6000 °C). It is important to observe
that the solar spectrum is limited to 0.25 <A <3
um, so that there is almost no overlap with the
spectra for thermal radiation. Hence it is possible to
have surfaces with properties being entirely differ-
rent with regard to thermal and solar radiation. The
integrated area under the curve gives the “solar
constant” (1353 + 21 Wm?); this is the largest
possible power density on a surface oriented per-
pendicular to the sun in the absence of atmospheric
extinction.

Most solar energy conversion systems are located at
ground level, and it is of obvious interest to con-
sider to what extent atmospheric absorption
influences solar irradiation and net thermal emis-
sion. Part (c) of Fig. 1 illustrates a typical absorp-
tion spectrum vertically across the full atmospheric
envelope at clear weather conditions. The spectrum
is complicated and comprises bands of high absorp-
tion—caused mainly by water vapor, carbon di-
oxide, and ozone—as well as bands of high transpa-
rency. It is evident that most of the solar energy can
be transmitted down to ground level, and only parts
of the ultraviolet (A < 0.4 um) and infrared (A > 0.7
um) radiation are strongly damped. The maximum
power density perpendicular to the sun is about
1000 Wm™. Thermal radiation from a surface ex-
posed to the clear sky is strongly absorbed except in
the 8 <A < 13 pm range, where the transmittance
can be large provided that the humidity is not too
large.

Part (d) of Fig. 1 illustrates two biological condi-
tions of relevance for solar-energy-related applica-
tions. The solid curve shows the relative sensitivity
of the human eye in its light-adapted (photopic)
state; the bell-shaped graph extends across the 0.4 <
A < 0.7 pm interval and has its peak at 0.555 um.
Clearly a large part of the solar energy comes as
invisible infrared radiation. The dashed curve indi-
cates that photosynthesis in plants makes use of
light with wavelengths in approximately the same
range as those for the human eye, which is relevant
for greenhouse applications.

Figure 1 shows an important fact about the ambient
radiation: that it is spectrally selective, i.e., con-
fined to specific and usually well defined wave-
length ranges. This property is of large importance
for most types of solar energy materials, as
discussed below. Another type of selectivity—
known as angular selectivity—results from the fact
that different angles may apply for different types
of radiation; for example, solar radiation comes
from a point far from the horizon during most of the
day, whereas the visual contact between a person



and his or her surroundings is often at near-hori-
zontal lines-of-sight.

This article covers a number of solar energy mate-
rials and attempts to show their state-of-the-art.
References are mainly to reviews, although some
other key papers are listed as well. Earlier work in
this field, up to 1990, was covered in earlier
treatises (1,13).

2. Transmitting and Reflecting Materials

2.1 Fundamentals

When electromagnetic radiation impinges on a
material, one fraction can be transmitted, a second
fraction is reflected, and a third fraction is ab-
sorbed. Energy conservation yields, at each wave-
length, that

TO) + RO + AN =1 (1)

where T, R, and A denote transmittance, reflectance,
and absorptance, respectively.

Another fundamental relationship, also following
from energy conservation and referred to as Kirch-
hoff’s Law, is

A) =EQ) )

with E being the emittance, i.e., the fraction of the
black-body radiation (cf. Fig. 1(a)) that is emitted at
the wavelength A. It is evident that Eq. (2) is of
relevance mainly for A > 3 pm.

It is frequently convenient to average the spectral
data over the sensitivity of the eye, over a solar
spectrum (with or without account for atmospheric
effects), or over a black-body emittance spectrum
(for a specific temperature). One then obtains lumi-
nous, solar, or thermal values pertinent to the
respective optical property; they are denoted Xy,
Xso1, and Xiperm, With X' being 7, R, A4, or E.

2.2 Glasses

Glass can be used for protection against an
unwanted environmental impact, for convection
suppression, and as a substrate for surface coatings
(normally referred to as “thin films”). Glass can
exhibit a variety of properties (14), but float glass,
used in a great majority of windows in buildings, is
a highly standardized product (15). It is character-
rized by uniformity and flatness almost on the
atomic scale. The latter feature is an outcome of the
production process in which the molten glass is
solidified on a surface of molten tin. The middle
curve in Fig. 2 shows the spectral transmittance of
6-mm-thick standard float glass within the wave-

length range relevant to solar radiation. A
characteristic absorption feature at A = 1 pum, due to
the presence of Fe oxide, limits T, to some notice-
able extent.

100 T LN B B B T

[+
[=]

=]
[=]

Transmittance (%)

Wavelength (pm)

Figure 2. Spectral transmittance for float glass with three
different amounts of Fe,Os. From (1).

Special float glass is available with varying
amounts of Fe oxide (15). Figure 2 shows that low
Fe content leads to glass with very high T}, and
T.1, and with substantial transmittance also in the
ultraviolet. Glass with a large Fe content limits 7y,
while T, remains rather large; such glass has a
distinctive greenish tint.

The reflectance of each interface between glass and
air is about 4 % in the 0.4 < A < 2 um range,
implying that the maximum transmittance for a
glass pane is 92 %. Glass is strongly absorbing for A
>3 pum, and Eyemy, 1s as large as about 87 %.

Laminated glass may be used for safety and other
reasons. This glass comprises a layer of polyvinyl
buteral sandwiched between two glass panes and
bonded to the glass under heat and pressure. The
laminate is an efficient absorber of ultraviolet light,
and the transmittance at A < 0.38 pum is almost zero
for a layer thickness of the order of 1 mm.

Photo-chromic glass is able to darken wunder
irradiation of ultraviolet light from the sun and
clears in the absence of such irradiation (16).
Fatigue-free photo-sensitivity is normally accomp-
lished by adding metal halides—particularly silver
halide—to the vitreous matrix of the glass. A
number of other additives are important as well.
Figure 3 shows T}, as a function of time for darke-
ning and clearing of two photo-chromic glass
plates. Darkening progresses rapidly and has
reached about 80 % already after one minute.
Clearing is much slower, though, and is still in-
complete after one hour. The photo-sensitivity
occurs almost entirely in the 0.4 < A < 1.0 um
interval, and hence the modulation of T}, is much
more pronounced than the modulation of T,.
Photosensitivity exerts no effect on the reflectance
or on Eperm.



Ll T T T T T T T T '| I
S ——.

Darkening Clearing

Luminous transmittance (%)

]
o 30 60 90 120
Time (minutes)

Figure 3. Luminous transmittance vs. time for two photo-
chromic glasses. From (1).

2.3 Polymers

Many polymers are transparent and can, in prin-
ciple, replace glass. However, polymers degrade
more easily than glass and hence have fewer appli-
cations. Polyester foil deserves special mention
since it can serve as a flexible and inexpensive
substrate for thin films of many different kinds,
transparent as well as reflecting. Such foils,
suspended between glass panes, are used in prac-
ical window constructions. Another alternative,
used in some contemporary building projects, is
ethyl tetra fluoro ethylene. This material is virtually
non-absorbing for solar radiation.

Photo-chromism is known in a number of polymers
(17), and detailed information is available for spiro-
oxazine in a host of cellulose acetate butyrate. The
coloration dynamics are similar to those for photo-
chromic glass, but the bleaching is faster for the
polymer and takes place in about 20 minutes. The
photo-effects are limited to Tj,,; they vanish at
elevated temperatures.

2.4 Metals

Metal surfaces can be used to accomplish high Ry,
and Ry, for example in mirrors of various types, or
for providing low Eyem. Figure 4 shows spectral
reflectance for five different metals (18,19). The
highest values of Ry, and Ry, are found in Ag and
Al, and these metals are used—in bulk form or as
thin films supported by substrates—in several solar-
energy-related applications. Surface protection of
such surfaces is normally needed to obtain long
term durability. More corrosion resistant metals,
such as Pt or Rh, are somewhat less reflecting. All
of the metals can yield a low magnitude of Eperm.
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Figure 4. Spectral reflectance for some metal surfaces.
From (11)

3. Thin Films

3.1 Deposition technology

Surface treatments can be used to modify the op-
tical properties of the underlying material and make
it better adapted to the requirements set by the
ambient radiation (cf. Fig. 1). Subsequent sections,
devoted to specific types of solar energy materials,
contain many examples of this. Thin film depo-
sition is particularly important (20-24). This is a
vast technological field (25-29), and only the most
common methods are mentioned here. Typical film
thicknesses are 0.1 to 1 pm.

Sputter deposition is widely used to make uniform
coatings on glass, polyester, metal, etc. Essentially
a plasma is set up in a low pressure of inert and/or
reactive gases, and energetic ions in the plasma
dislodge material from a solid plate of the raw
material of the film (known as the “target”) and
deposit these atoms as a uniform film on an
adjacent surface (the substrate) (30-33).

Evaporation can be an alternative to sputtering.
Here the raw material of the film is heated in
vacuum so that a condensing vapor can transfer
material to the substrate at a sufficient rate (34,35).

Other technologies can be applied without recourse
to vacuum: For example, sol-gel deposition invol-
ves immersion of a substrate in a chemical solution,
withdrawal at a controlled rate, and subsequent
annealing (36). Alternatively, the chemical solution
can be applied by spray coating. Chemical vapor
deposition uses heat to decompose a vapor of a
“precursor” chemical to produce a thin film of a
desired composition (37,38). Electrochemical tech-
niques include cathodic electro-deposition from a
chemical solution (39) and anodic conversion of a



metallic surface—especially of Al—to form a
porous oxide (40). Numerous alternative techniques
exist as well.

3.2 Antireflection Treatment

Antireflection treatment, for example to obtain high
Tum through glass, can be accomplished by the
application of a layer whose refractive index is
close to the square root of the refractive index of
the underlying glass (i.e., 1.23) and with a thickness
corresponding to a quarter wavelength for visible
light (i.e., ~100 nm). The requirement on the
refractive index can be combined with good dura-
bility only for a few materials. Figure 5 shows an
example of a glass slab whose two surfaces have
been coated with a layer of porous silica obtained
via sol-gel technology (41). It is seen that Ti,
exceeds 99 % in the middle of the luminous spect-
rum. Other antireflection treatments of practical
inte-rest include thin films of aluminum oxy-
fluoride (42,43) or magnesium fluoride, porous or
micro-structured surface layers produced by liquid
or vapor etching of glass (44,45) or silicon (46),
and application of a layer serving as a sub-
wavelength surface relief grating (47).

of Egem. Convection—which is of interest for
gases—can be lowered by breaking up the gas into
cells with dimensions of the order of 1 cm or less
(or, possibly, by decreasing the gas pressure), and
conduction heat transfer can be minimized by
suitable constructions using low-conducting materi-
als.

4.2 Solid materials

Figure 6 shows four types of solid transparent
insulation materials including flexible polymer
foils; polymer honeycomb materials; bubbles,
foam, and fibers; and inorganic microporous mate-
rials such as silica aero-gels (4). If the honeycomb
cross-section is small compared to the cell length,
one may speak of a capillary structure. Foils and
aero-gels can be almost invisible to the eye, where-
as honeycombs, bubbles, foam, and fibers cause
reflection and scattering and hence a limited direct
transmittance; only the former group of materials is
of interest when unperturbed vision is a demand—
such as in many windows—while the other materi-
als find applications in translucent wall claddings
and solar collectors. The materials can be used in
vertical, horizontal, or inclined positions depending
on the type of application.
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Figure 5. Spectral transmittance of a glass plate coated
on both sides by anti-reflecting thin films of porous silica.
After (41).

Simple antireflection treatments are able to de-
crease the reflectance within a rather narrow
wavelength range, but if a low magnitude of Ry, is
required one could use a multilayer film with
carefully adjusted refractive indices and thickness-
es. It should be noted that antireflection is efficient
only for a specific range of incidence angles for the
light, especially for the case of multilayer films.

4. Transparent Thermal Insulation

4.1 Principles

Heat transfer occurs via the additive effects of radi-
ation, convection, and conduction (48,49). Cutting
back this transfer is of concern for many different
applications of solar energy. Radiation transfer can
be diminished by having surfaces with low values

Figure 6. Principles of four different types of solid
transparent insulation materials placed between glass
panes. Arrows signify light rays. Reflections at the glass
surfaces are not shown. From (1).

Flexible polyester foils can be suspended to break
up a thick gas slab into ~1-cm-thick layers with di-
minished convection, and thin films can be applied
to adjust the magnitudes of 7j,, and T,, and to
minimize Eyem (these aspects are covered below).
Similarly, the macro-porous materials—typically
made of polystyrol, polyamide, polyvinyl-chloride,
or polycarbonate—produce gas filled cells of a
sufficiently small size to practically eliminate
convection. A characteristic value of the heat
transfer of the honeycombs, capillaries, bubbles,
foam, fibers is | Wm™ K" for a material thickness
of 10 cm (50,51).



Silica aero-gel can be made by super-critical drying
of colloidal silica gel under high temperature and
high pressure (52,53). The ensuing material consists
of ~1-nm-diameter silica particles interconnected so
that a loosely packed structure with pore sizes of 1
to 100 nm is formed. The relative density can be as
low as a few percent of the bulk density. The
material can be produced as translucent granules or
as transparent tiles with a certain degree of haze
(54,55). Figure 7 shows spectral transmittance
through a 4-mm-thick tile (56). The low transmit-
tance at short wavelengths is partly due to optical
scattering. A heat transfer lower than 1 Wm’ K
can be achieved in 1-cm-thick slabs of aero-gel
under favorable conditions (positioning between
surfaces with low Ey,., and at low gas pressure).
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Figure 7. Spectral transmittance of a silica aero-gel tile.
From (1).

4.3 Gases

The heat transfer between two surfaces can be
lowered by use of a gas different than air, as is
common in modern fenestration technology invol-
ving hermetically sealed glazing units (3,57). The
heat transfer across a typical 1.2-cm-wide gas slab
is diminished on the ~10 % level if air is replaced
by Ar or CO,, while larger effects are found with
Kr or Xe. The relative role of the gas filling is
enlarged—in practice to the ~20 % level—if the
radiation component to the heat transfer is de-
creased by the use of surfaces with a low Eerm.

Infrared-absorbing gases can diminish the heat
transfer across a given distance, but the limited
availability of suitable gases makes this possibility
less interesting (58). Among other options related to
gases, one can note that some improvement of the
thermal properties can be combined with sound
insulation by the use of SFs gas. Finally, mini-
mized heat transfer can be achieved by eliminating
the gas, so that both the conduction and convection
components vanish (59). Obviously, the mechanical
strength of the device must be sufficient to allow
vacuum. This leads to the requirement of
inconspicuous spacers for “vacuum windows”.

5. Solar Thermal Converters

5.1 Principles

Photo-thermal conversion of solar energy, to pro-
duce hot fluid or hot air, takes place in solar
collectors (60,61). Efficient conversion requires that
a solar absorbing surface is in thermal contact with
the fluid or gas, and that thermal losses to the ambi-
ence are minimized. For most applications, the
absorber should be positioned under a transparent
cover, and a transparent thermal insulation material
may be used as well. The back and sides of the
solar collector should be well insulated using con-
ventional techniques. The most critical part for the
photo-thermal conversion is the actual solar
absorber surface, which obviously should have
maximum Ag,. Its radiation heat losses should be
minimized, and this requires low Eypemn. The
absorber is non-transparent, and the above condi-
tions can be rewritten in terms of an ideal spectral
reflectance as

R(A) =0 for 0.3 <A<A,pum 3)
R(A) =1 for A, <A <50 um 4

where A, denotes a “critical” wavelength lying bet-
ween 2 and 3 pm depending on the temperature (cf.
Fig. 1). Clearly this is one example of how spectral
selectivity is used to obtain optimized properties of
a solar energy material.

A number of different design principles and physic-
cal mechanisms can be used in order to create a
spectrally selective solar absorbing surface. Six of
these are shown schematically in Fig. 8 (2,62-67).
The most straight-forward would be to use a mate-
rial with suitable intrinsic optical properties. There
are few such materials, though, and this approach
has not been particularly fruitful. Semiconductor-
metal tandems can give the desired spectral selecti-
vity by absorbing short-wavelength radiation in a
semiconductor with a band-gap corresponding to a
wavelength of ~2 um and having low Eyem as a
result of the underlying metal. The pertinent semi-
conductors all have large refractive indices, which
tend to give strong reflection losses and diminish
Asl, implying that complex anti-reflection treat-
ments must be invoked. Multilayer-metal tandems
can be tailored so that the thin film stack becomes
an effective selective absorber of solar energy.
Metal/dielectric composite-metal tandems contain
metal nano-particles in a dielectic (often oxide)
host. The composite is often referred to as a
“cermet”. This design principle offers a large de-
gree of flexibility, and the optimization of the
spectral selectivity can be made with regard to the
choice of constituent materials, film thickness,



particle concentration and grading, as well as the
shape and orientation of the particles. The particles
are much smaller than any relevant wavelengths of
solar (or thermal) energy, and the composite be-
haves as an “effective medium” with properties
intermediate between those of the metal and the di-
electric (68-72). Textured metal surfaces can pro-
duce a high A4, by multiple reflections against
metal dendrites that are ~2 pm apart, while the low
Eiperm 1s rather unaffected by this treatment since the
relevant wavelengths are much larger that the
dendrite separation. Finally, selectively solar-trans-
mitting films on black-body-like absorbers can be
used to impart spectral selectivity. The relevant thin
films will be discussed below.
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Figure 8. Cross-sectional schematic designs of six types
of thin films and surface treatments for selective absorp-
tion of solar energy. From (2).
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5.2 Spectrally selective thin films

A number of thin films, coated onto metallic sub-
strates by one of the thin film technologies dis-
cussed above, have been developed in the past, and
some of these have reached commercialization.
These films normally exploit several of the design
principles and physical mechanisms mentioned
above.

Electrochemical techniques have been used for
several decades to make spectrally selective surfa-
ces—suitable for flat-plate solar collectors—based
on electrodeposited films containing Cr or Ni
(referred to as “black chrome” and “black nickel”,
respectively) of complex compositions. Another
technique employs anodic conversion of Al, to
make a porous surface layer, followed by electro-
lysis to precipitate out Ni particles inside the pores
(73). The solid curve in Fig. 9 illustrates a spectral
reflectance curve; A = 96 % and Egerm = 15 % at
100 °C are typical performance data. The durability
of these films has been modeled in detail (2,67).

The electrochemical techniques involve the hand-
ling of large quantities of environmentally hazard-

ous chemicals, and this has led to a trend towards
thin film techniques based on deposition in vacuum
(74-76). The dotted curve in Fig. 9 shows a
spectrum for an optimized sputter-deposited film
based on Ni; the design includes an antireflection
layer which boosts A4,. These data correspond to

Al = 95 % and Eperm = 10 % at 100 °C. Other

sputter-deposited and evaporated films of practical
use include a number of “cermets” with stainless
steel and metal nitride (77-78), and compositionally
graded films containing chrome oxide and chrome
nitride (79). These films can be used for different
types of solar collectors, including concentrating
ones.
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Figure 9. Spectral reflectance for two types of selectively
solar absorbing surfaces. Dashed lines indicate the ideal
performance. From (11).

Deposition from chemical solutions has recently
been used to produce Ni-alumina “cermet” coat-
ings. They contain larger Ni fractions than the Ni
pigmented anodic alumina referred to above. There-
fore the coatings can be considerably thinner and
achieve Ay, = 97 % together with Eyerm = 5 % (80).

Advanced selectively solar-absorbing surfaces have
been developed for solar thermal power stations
with parabolic trough reflectors and tubular solar
collectors. The absorber surfaces used in this case
employ sputter deposition to manufacture a comp-
lex multilayer film stack incorporating graded Mo
/oxide films, antireflection treatment, and an
emittance-suppressing Mo film on the stainless
steel tube serving as a substrate (81). These absor-
bers have A, =97 % and Eerm = 17 % at 350 °C.

5.3 Spectrally selective paints

Paints have an obvious advantage in the fact that
they can be applied by commonly available tech-
niques. Typically, a strongly absorbing pigment—
for example an oxide of FeMnCu—is mixed in an
infrared-transparent polymeric binder such as a



silicone or a siloxane (82). The paint is applied in a
2 to 3 um thick layer onto a metallic substrate with
low Eerm. Characteristic data are A, = 90 % and
Eiherm = 30 %); they are not as good as for the thin
films. Possibilities to prepare thickness-insensitive
spectrally selective paints by including metallic
flakes in the binder may lead to interesting products
in the future. Visibly colored solar absorbing
surfaces—which may be desirable for aesthetic
reasons—can be obtained by relaxing the require-
ment on Ay, somewhat.

6. Radiative Cooling

As shown in Fig.1, the atmosphere can be
transparent to thermal radiation in the 8 < A < 13
pm “window” range. This effect can lead to radia-
tion cooling of surfaces oriented towards the sky
(5). The resource for this cooling has been evalu-
ated through detailed calculations showing that the
cooling power for a black-body surface is 80 to 120
Wm™, depending on the atmospheric conditions,
when the surface is at ambient temperature (83). If
nothing but radiation exchange is considered, the
surface can decrease to 14 to 26 °C below the air
temperature. In the presence of a non-radiative heat
transfer equal to 1 Wm™K", the maximum temp-
erature drop is expected to be 10 to 20 °C. Practical
tests, using a multi-stage radiation cooler placed
under an exceptionally dry atmosphere, demonstra-
ted that a temperature decrease as large as ~33 °C
could be achieved in practice by purely passive
means.

The temperature drop can be enhanced if radiation
exchange takes place only within the atmospheric
“window”. This calls for surfaces with infrared
selective emittance, whose ideal reflectance is

RM)=1for 3<A<8umand 13 <A <50 um (5)
R(A)=0 for 8<A<13 um. (6)

If cooling should take place also in the day, it is
desired to have a maximum R(A) for 0.3 <A <3
um. Calculations have shown that infrared-selective
surfaces can have a cooling power between 60 and
95 Wm™ depending on the atmosphere. A maxi-
mum temperature drop of 26 to 60 °C with nothing
but radiation exchange, and of 18 to 34 °C when the
non-radiative heat influx is 1 Wm™>K"', have been
predicted. The significance of spectral selectivity
for reaching low temperatures is hence evident.

Spectral selectivity, approximately according to
Egs. (5) and (6), has been achieved with ~1 pm
thick silicon oxide and oxynitride films backed by
Al (84,85) and by some aluminized polymer foils.

Another possibility is to use confined gas slabs of
NH;, C,H;, C,H;O, or mixtures of these, with
thicknesses of a few centimeters (86). In both cases
the low reflectance in the atmospheric “window”
range is associated with molecular vibrations, and
the high reflectance outside this range is caused by
the AL

Practical tests of the cooling ability of these
materials have been carried out with devices in
which the cooling surface, or the gas, is located
under an infrared-transparent convection shield.
High-density polyethylene foil has suitable optical
properties but requires stiffening in order not to
cause convection heating due to mechanical move-
ments caused by wind (87). Using a radiation
cooled gas, the coolant can be circulated and heat
exchanged so that it provides a continuous source
for cooling under the clear sky. Pigmented foil
materials that are strongly scattering solar radiation
and absorbing in the 8 to 13 um range can serve as
self-cooling tarpaulins even during the day (88,89).

Radiation cooling can be used for condensation of
water from the atmosphere (90,91). Preliminary
measurements have demonstrated that significant
amounts can be collected even under unfavorable
conditions (during drought months in a semi-desert
part of Tanzania). The material used in this case
was a 0.4-mm-thick polymer foil pigmented by
white TiO, and BaSOy (90).

7. Solar Cells

Solar cells are used for converting solar radiation to
electricity. Generally speaking, a device perspec-
tive—rather than a materials perspective analogous
to the one put forward elsewhere in this article—is
most convenient, and hence the exposition below is
kept brief. Detailed discussions of solar cells, inclu-
ding some materials aspects, can be found else-
where (92-99).

In principle, all that is needed to generate electricity
is an excited state or states, into which a carrier can
be excited from a ground state by photon absorp-
tion, and some means of extracting or supplying
carriers to or from these states. There are many op-
tions but, despite much research and development
during decades, the attention has been focused
almost entirely only on a few of these.

Silicon is an excellent material for solar cells and is
by far the most widely used one (99,100). It is non-
toxic, very abundant, and has a well established
technological base due to its ubiquitous uses in
microelectronics. Essentially, a slab or film of Si is
n-doped and p-doped in its two surface regions, and



this structure is positioned between a transparent
front electrode arrangement and an opaque metallic
back electrode. The device is supported by glass or
a polymer foil. The Si can be of three types:
crystalline (cut from a single crystal ingot), poly-
crystalline (made from a multi-crystalline ingot or
prepared by “ribbon growth”), or amorphous and
hydrogenated (typically a ~0.3-um-thick film made
by glow discharge deposition of a silane gas). High
photoelectric conversion efficiency demands low
reflection losses, which can be achieved by an anti-
reflecting film or—in the case of a single-cryst-
alline material—by using anisotropic etching to
make a pyramid-type texturing.

Compound semiconductors of the III-V type (101)
—based on GaAs, (Al,Ga)As, InP, or (In,Ga)P—
can show high efficiency as well as good resistance
to ionizing radiation; they are costly, though, and
mainly used for space applications. Among the II-
VI compounds (102-104), CdTe and Cd(S,Te) are
known for their robust manufacturability and are of
interest for ground-based solar cells, although envi-
ronmental concerns regarding large-scale use of a
technology including Cd should not be overlooked.
Among the I-III-IV, compounds (104-106),
CulnSe,, Cu(In,Ga)Se,, and Cu(In,Ga)(S,Se), are
notable for their possibility to reach high photo-
thermal conversion efficiencies in thin film solar
cells. Numerous other materials—including organic
ones (107,108)—and approaches to solar cells are
possible, and many other compound semiconduc-
tors can well turn out to have favorable properties.
Some of those may find applications in thermo-
photoelectricity, i.e., cells operating with thermal ir-
radiation (109-111). Others can be used in tandem
cells, encompassing superimposed cells with optical
band-gaps that are large on the exposed surface and
gradually shrink towards the underlying substrate.

Alternatively, photo-electrochemical techniques can
be employed to generate electricity, and studies of
nano-crystalline dye cells are popular at present
(112-114). These cells absorb light in the dye mole-
cules—normally containing a Ru-based compound
——coated onto nano-crystals of TiO,. The nano-
structured material is usually made by colloidal
technology, but other technologies, such as sputter
deposition, is currently emerging (115). Electrons
are excited in the dye and can flow into the con-
duction band of the adjacent n-type TiO,. The elec-
tron is transferred to a transparent front surface
electrode, through the load, and to a counter elec-
trode having a thin layer of Pt. Here it reduces
triiodine to iodide, which then diffuses to the dye
molecules and reduces them back to their original
state. Sealing and durability are issues that need to
be resolved before widespread applicability is pos-
sible. Also the fact that the fundamental functioning

principles remain obscure hampers rapid progress
(116).

Generally speaking, solar cells loose efficiency
when they become warm. It is therefore of interest
to devise cells and cell systems that minimize the
heating. One possibility is to use external surfaces
which reflect at wavelengths shorter than those cor-
responding to the bandgap (useful for photo-electric
conversion) onto the solar cell while absorption
prevails at longer wavelengths. Mirrors of SnO,-
coated Al have been developed for this purpose
(117).

One aspect of today’s solar cell technology requires
particular attention as it proliferates, viz., global
availability of the raw materials (118). Ga, Se, and
Ru are all rare in the earth’s crust. Indium is also
widely believed to be rare, but recent assessments
indicate that the global availability is about as large
as that of Ag (119).

8. Coatings for Glazings: Static Proper-
ties

8.1 Principles

Architectural windows and glass facades are
problematic from an energy perspective (15). Their
primary function—to provide visual contact bet-
ween indoors and outdoors, as well as day-
lighting—must be kept in mind, though, so that
window areas are not made too small. In a practical
situation, there are often unwanted energy flows
with too much thermal energy leaving or entering
the building via the window, with a concomitant
demand for space heating and cooling; furthermore
excessive solar energy may be admitted, which puts
additional demand on air conditioning. Present
architectural trends tend to increase the window
areas, so that the energy issue may become even
more pressing in the future.

The radiation part of the heat transfer can be
controlled by thin films with a low Eye, Which, in
a multiply-glazed window, should face one of the
confined air (or gas) spaces (3,57). In this way the
heat transfer across a vertically mounted window
can drop from ~3 to ~1.5 Wm?K" for double
glazing and from ~1.8 to ~1.0 Wm K" for triple
glazing. Obviously, Ti,, must be large for these
films. The infrared part of the solar radiation—
which transmits energy through the glazing but is
not needed for vision—can be stopped by a thin
film having low transmittance at 0.7 <A <3 um.

These demands have led to the development of two
types of thin films, known as “low emittance coat-
ings” (“low-E”) ideally characterized by



TO)=1 for 0.4 <A<3pum 7
R =1 for 3< A<50 um (8)

and “solar control coatings” ideally characterized
by

T)=1 for 0.4<1<0.7 um 9)
RO =1 for 0.7<%<50um (10)

The spectral selectivity inherent in these relation-
ships is of course idealized.

Another, principally different, way to achieve
energy efficiency is to use angular selective thin
films on the glass (6,120). In this way it is possible
to take advantage of the fact that the indoors-
outdoors contact across a window normally occurs
along near-horizontal lines-of-sight, whereas solar
irradiation comes from a small element of solid
angle high up in the sky during most of the day. It
is also possible to combine spectral and angular
selectivity.

8.2 Spectrally selective thin films

Very thin metal films can have properties re-
sembling those in Eqgs. (7) to (10). Calculations for
extremely thin bulk-like films of Ag, Au, and Cu
predict that large values of Ty, and Ty, can be
combined with low values of Eyery (121). However,
such films cannot be made on glass or polyester.
Rather the thin film goes through a number of
distinct growth phases, and large-scale coalescence
into a metallic state with low Eyen requires
thicknesses exceeding 10 nm, and then 7}, and Ty,
are limited to about 50 % (122). Most of the
transmittance loss is due to reflectance at the film
interfaces, implying that the transmittance can be
boosted by embedding the metal film between
dielectric layers serving, essentially, for antireflec-
tion purposes.

Ag has the best optical properties and is used in
most applications. Au and Cu tend to produce
colored films that are undesired for many archi-
tectural applications. TiN can serve as a replace-
ment for Au (123). The dielectric layer can be of
several different kinds, such as Bi,Os, SnO,, TiO,,
ZnO, and ZnS. The multilayer structure may also
include corrosion-impeding layers, such as Al,O;.
Figure 10 illustrates 7(A) for three types of thin
films based on TiO,/Ag/TiO, and deposited onto
glass. Depending on the film thicknesses, it is
possible to optimize Ty, or Ty, while Eyenm i
invariably low. Thus low-E coatings as well as
solar control coatings can be made from metal-
based thin films. Much of the glass that is used in
modern windows and glass facades employ sputter-
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deposited films based on Ag (15). These films can
only be used under protected conditions, such as in
insulated glass units. The film thicknesses are small
enough that iridescence—i.e., a rainbow exhibition
of colors—is not a problem.
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Figure 10. Spectral transmittance and reflectance for
glass having thin films based on TiO,/Ag/TiO,. Thick-
nesses are given for two of the film stacks. From (1).

Doped oxide semiconductor coatings offer an alter-
native to the spectrally selective metal-based films
just discussed (124,125). The most useful materials
are In,O;:Sn (126,127), SnOy:F (128), SnO,:Sb
(128), and ZnO:Al (129). A recently discovered
material with similar properties is TiO:Nb (130).
Many other options can be found among the ternary
and quaternary oxides as well as among mixtures of
the mentioned oxides. Nevertheless, the binary oxi-
des listed above have remained popular. The In-
based oxide has the lowest Eg,erm, the Sn-based oxi-
des are most durable, whereas the Zn-based oxide is
most popular for some applications (such as in
many solar cells). The films are electrically conduc-
ting with a minimum resistivity of ~10* Qcm for
optimally prepared In,O5:Sn (127, 131). Achieving
such properties is notoriously difficult, though, and
typically requires thermal treatment at ~300 °C or
above. High-rate deposition appears feasible for
In,03:Sn (132). Today’s production of In is small,
and most of it is used in In,O5:Sn films for display-
related applications.

Figure 11 shows 7(A) and R(}A) in the full 0.3 < A <
50 pum range for 0.2-pm-thick films of In,O;:Sn
(126). The parameter denoted #. is the density of
free electrons, which is directly associated with the
amount of Sn doping; in practice this amount is of
the order of a few percent. The data in Fig. 11 were
computed from a fully quantitative theoretical
model of heavily doped semiconductors and gives a
clear representation of the salient features develop-
ing upon increased doping: an onset of high reflec-



tance in the near-infrared (i.e., a lowering of Eyerm),
band-gap widening tending to enhance 7, and
disappearance of phonon-related absorption feat-
ures in the thermal infrared (approximately at 20 <
A < 30 pum). The doped semiconductor oxides can
be very hard and resistant to corrosion, and they can
be applied on glass surfaces exposed to the
ambience. The practically useful thicknesses are
larger than ~0.2 um, implying that thickness varia-
tion—which may be difficult to eliminate in
practical manufacturing—can lead to aesthetically
unpleasing iridescence.
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Figure 11. Spectral transmittance (7) and reflectance (R)
computed from a fully quantitative model for the optical
properties of InyO;:Sn, using the shown values of film
thickness and free-electron density (n.). From (126).

The refractive index of the doped oxide semicon-
ductors is about 2 for luminous radiation, which
tends to limit 7j,, to ~80 %. Higher transmittance
values can be obtained by antireflection treatment,
and Tj,, can then even exceed the value for un-
coated glass. The antireflection layer lowers Eierm,
but on an insignificant level of a few percent only
(133).

8.3 Angular selective thin films

Pronounced angular properties can be used to
invoke energy efficiency for glazings, as mentioned
above (6,120). Figure 12 illustrates this feature as
computed for a five-layer stack of thin films, spe-
cifically with two 12-nm-thick Ag films embedded
between three SiO, films with 120 or 170 nm
thickness. Strong angular effects prevail at the
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larger of these thicknesses, and T, is 23 % for
normally incident light and as large as 58 % at an
incidence angle of 60 degrees.
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Figure 12. Solar transmittance for thin films of
Si0,/Ag/Si0,/Ag/Si0; as a function of SiO, thickness ()
and incidence angle (6). From (1).

The data in Fig. 12 are symmetrical around the sur-
face normal of the film. However angular properties
that are distinctly different at equal angle on the
two sides of the normal can be obtained by the use
of films with inclined columnar microstructures
(134). Figure 13 shows a polar plot of T, recorded
for a Cr-based film prepared by evaporation under
conditions so that the incident flux arrived at the
substrate at an almost glancing angle (135). The
columns needed for the angular selectivity then
tend to form an array inclined in the direction
towards the evaporated flux. Sputter deposition can
also be used for making angular selective films
(136).

9. Coatings for Glazings:
Properties

Dynamic

Windows and glass facades with variable properties
have been the architect’s dream for years (15). Such
products are now becoming possible by exploiting
“chromogenic” materials (7,137). This section dis-
cusses electrochromic devices, which are being
used in practical windows, albeit as yet on a small
scale. A range of other options for dynamic fene-
stration is then covered more superficially.
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Figure 13. Polar plot of luminous transmittance through
an obliquely evaporated Cr-based thin film. Data are
given as a function of incidence angle (¢) and azimuthal
angle (¢). From (135).

9.1 Electrochromic devices

Electrochromic devices are able to vary their
throughput of visible light and solar radiation upon
electrical charging and discharging using a low
voltage (8,138). Thus they can regulate the amount
of energy entering through a “smart window” so
that the need for air conditioning in a cooled build-
ing becomes lessened (9,139). The energy efficien-
cy inherent in this technology can be large, pro-
vided that the control strategy is adequate.
Additionally, the transmittance regulation can im-
part glare control as well as, more generally, user
control of the indoor environment. The absorptance,
rather than the reflectance, is modulated so that the
electrochromic devices tend to heat up in their low-
transparent state, which has to be considered in a
practical window construction. Modulation of Eier
is possible in principle, though, and developments
of variable-emittance surfaces for temperature con-
trol of space vehicles, as well as for other appli-
cations, are in progress (140-142).

Figure 14 shows an electrochromic five-layer proto-
type device that introduces basic design concepts
and types of materials (8). A principle kinship to an
electrical battery is noteworthy. The central part of
the construction is a purely ionic conductor (i.e., an
electrolyte), either a thin film or a polymer laminate
material; it must be a good conductor for small ions
such as H' or Li". The electrolyte is in contact with
an electrochromic layer and a counter electrode. For
a transparent device, the latter must remain non-
absorbing irrespective of its ionic content, or it
should exhibit electrochromism in a sense opposite
to that of the base electrochromic film. This three-
layer configuration is positioned between transpa-
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rent electrical conductors, normally being doped
oxide semiconductors of the kinds discussed above;
they are backed by glass or polyester foil. By
applying a voltage of a few volts between the outer
layers—conveniently obtained from solar cells
(143)—ions can be shuttled into or out of the
electrochromic film(s) whose optical properties are
thereby modified so that the overall optical per-
formance is changed. The voltage needs to be
applied only when the transmittance is altered, i.e.,
the electrochromic devices exhibit open-circuit me-
mory. The time for going between bleached and
colored states is largely governed by the electrical
resistance of the transparent conducting films. To-
day’s “smart windows”, with areas of the order of a
square meter, require some ten minutes for
changing from a bleached state to a moderately
colored state. Smaller devices can display much
faster dynamics, though.

Figure 14. Basic design of an electrochromic device,
indicating transport of positive ions under the action of an
electric field. From (8).

There are many materials and design issues for
practical electrochromic “smart windows”. Electro-
chromism is found in numerous organic and inor-
ganic materials, the latter mainly being transition
metal oxides (8,144-146). Films of WOj; are used as
the base electrochromic layer in almost all devices
studied until now. However, many options exist for
the counter electrode, with good results having been
documented for oxides based on Ce, Co, Ir, Ni, and
V, while other designs have used KFe*'Fe*"(CN),
(known as “Prussian Blue”). Additions of Al and
Mg to oxides of Ir or Ni can enhance the bleached-
state transmittance of the devices, which is
important for architectural applications (146,147).
In the case of Ir oxide, the additions lead to sig-
nificant cost reduction. Many alternatives exist for
the central electrolyte, which can be an adhesive
polymer with high ionic conductivity or—in an all-
solid-state approach with superimposed thin
films—a hydrous layer of Ta,Os, ZrO,, or SiO,
serving as a conductor for H'.



Figure 15 illustrates the optical performance of a la-
minated polyester-based electrochromic foil device
comprising films based on WO; and NiO in bleach-
ed state and after maximum coloration (139,148). It
1s seen that 7}, can be modulated between 74 and 7
%. There is a tradeoff between durability and maxi-
mum coloration, though, and a minimum T7j,, of
some 30 % may be more adequate for practical
applications. Lower Tj,,,s are possible, though, and
values below 5 % can be reached.
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Figure 15. Spectral transmittance through an
electrochromic foil including thin films of W-based and
Ni-based oxides. Data are shown for fully bleached and
colored states. From (148).

9.2 Alternative chromogenic technologies
“Gasochromic” thin films represent an alternative
to the electrochromic devices, with specific pros
and cons (149). Glass is coated with a WOs-based
thin film having an extremely thin surface layer of
catalytically active Pt. The coated side of the glass
is in contact with the gas confined in a carefully
sealed double-glazed window. By changing the
amount of H, in contact with the thin film, it is
possible to insert a variable amount of H and the
transmittance is then modulated in analogy with the
case of the electrochromic device.

Among the many other possibilities to control 7j,,
and Ty, electrically, one should note suspended
particle devices and phase dispersed liquid crystal
devices (150). They have much swifter dynamics
than the electrochromic ones but require higher
voltages. Rapid technological progress, as well as
the proprietary nature of much basic information,
makes a detailed comparison of the various tech-
niques futile.

Thermochromism represents another possibility to
control Ty, in order to create energy efficiency in
buildings (151,152). The most interesting material
is a thin film based on VO,; it undergoes a struc-
tural transition at a certain “critical” temperature T,
below which the material is semiconducting and re-
latively non-absorbing in the infrared, and above
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which it is metallic and infrared reflecting (153).
Figure 16 shows typical data on 7(A) above and bel-
ow T.. Bulk-like VO, has 1. = 68 °C, which obvi-
ously is too high for buildings applications, but t,
can be decreased to room temperature by additions
such as Mo, Nb, or W (154,155).
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Figure 16. Spectral transmittance through a
thermochromic VO, film at two temperatures. From
(154).

Still another possibility to vary Tj,, as a result of
temperature changes is found among the “cloud
gels”, which may be interposed between the panes
in a double-glazed window. These are polymers for
which “clouding”—i.e., transition to a diffusely
scattering state—can set in above a certain 1. due to
a reversible thermochemical dissolution and a ther-
mally induced modification in the lengths of the
polymer molecules (156,157).

10. Solar Photocatalysis

Photocatalytically active surfaces can cause the
breakdown of organic molecules as well as
microorganisms adsorbed on these surfaces under
the action of solar irradiation (10,158,159). Thus
hazardous or otherwise unpleasant pollutants in air
or water can be decomposed into tasteless, odorless,
or at least less toxic compounds. Well known
photocatalysts are oxides of Cd, Ce, Fe, Sb, Sn, Ti,
W, Zn, and Zr, with most work having been
devoted to TiO, with a crystal structure of the
anatase type. The latter oxide is able to use ultra-
violet light only. Photocatalytic degradation of
water pollutants by use of solar energy or artificial
ultraviolet irradiation have been widely investigated
(160-163). Deodorization is another possibility,
and, for example, a double-glazed window may be
transformed into a photo-catalytic reactor with an



outer ultraviolet-transparent pane (cf. Fig. 2) and an
inner pane with a TiO, film.

It may be an advantage to employ not only ultra-
violet light but also the less energetic but more
abundant visible light for inducing photocatalysis,
and transition metal additions to the oxides men-
tioned above (164), as well as nitrogen, carbon, and
fluorine incorporation (165-170), are able to widen
the spectral range for photocatalysis.

Photocatalytic decomposition of water into hydro-
gen and oxygen has been investigated for many
years, but this process has turned out to be difficult
to accomplish efficiently using solar irradiation
(159). Present research includes studies of thin film
semiconductor electrodes as well as colloidal solu-
tions of noble-metal-loaded oxide catalysts of many
kinds. For gas phase studies, the catalysts have
sometimes been covered with NaOH or Na,CO;.
Sonophotocatalysis, entailing ultrasonic irradiation
of the catalyst, can improve the efficiency of water
splitting.

11. Conclusions and Futures Perspec-
tives

Many types of solar energy materials are in exist-
ence, as discussed in this article. They are in very
different stages of development, ranging from esta-
blished technology, in some cases, to an early
explorative phase. The implications of all this work
with regard to future developments must be a
subjective matter, reflecting one person’s experien-
ces and visions. This is how this final part should
be interpreted.

The material is presented under four headings, the
first being solar energy materials for creating a
benign indoor climate in buildings; then follow dis-
cussions of solar heating and solar electricity, and
some concluding thoughts. Strict boundaries do not
exist between the materials-related topics, but the
division gives a practical way to organize an exten-
sive material.

11.1 Materials for a benign indoor climate in
buildings

Making rational use of energy in the built environ-
ment has a large potential for “passive” solar ener-
gy applications, thereby yielding large savings of
fossil and nuclear fuels. In the industrialized count-
ries, typically 40 % of the energy goes into heating,
cooling, lighting, and ventilation of buildings, and
to electrical appliances of various kinds. It is obvi-
ous that improved solar energy materials could be
used to alleviate the situation. Coatings on glass are
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of particular importance. In some countries, surface
coated glass is employed in double- and multiple-
pane windows almost without exception, whereas
much less advanced fenestration prevails elsewhere.
Irrespective of the detailed situation, coatings with
static properties—for providing “low-E” or “solar
control”, as discussed in Chapter 8—is currently a
mature technology, well known to the flat glass
manufacturers and unlikely to undergo more than
minor improvements in performance. The coatings
are either based on ~0.02 um thick silver or ~0.2
pum thick doped tin oxide. It can be expected that
these materials will continue to be used in the
future owing to their excellent properties and the
large investments in existing manufacturing techno-

logy.

The coatings mentioned above combine spectral
selectivity with angular dependent properties but
are usually only optimized for light with normal
incidence. Hence multilayer designs with angular
performance tailored to a specific building site and
orientation represent options for the future. Angular
selectivity, as defined in Sec. 8.3, remains a
possibility to be further explored.

Windows with tunable optical properties have long
been something of a Holy Grail in “high-tech”
architecture. These can be developed using many
different approaches involving photochromic, ther-
mochromic, electrochromic, and “gasochromic”
materials, as discussed in Chapters 2 and 9.
Presently, thin films are used in many cases, but
bulk materials such as photochromic glass and
polymer and polymer-based cloud gels also offer
other, although more remote, possibilities. Electri-
cally regulated electrochromic “smart windows”
are, in the author’s opinion, particularly interesting
in view of their potential to provide user-related
operation. Such windows make it possible to
combine increased indoor comfort for the occupant
of the building (less glare and thermal stress) with
large energy efficiency (especially lowered air
conditioning load in cooled spaces). Hence there is
a strong incentive for their introduction. Durability,
optical switching speed, and size constraints con-
stitute an interrelated problem complex which is not
fully solved today. However consensus is growing
that a satisfactory solution can be achieved. Cost is
another concern, but recent progress in manufac-
turing technology (such as roll-to-roll coating of
polymer foil) opens new avenues towards inexpen-
sive products. It should be realized that electro-
chromism is an enabling technology of relevance
for a vast number of applications so there may be
multiple roads towards devices eventually used in
buildings. Contemplating the combined blessings of
comfort and energy savings, the recent advances in
technology, and the undeniable business opportu-
nities, it may not be far fetched to envisage a



gradual introduction of electrochromic “smart win-
dows” on a large scale within a few decades—per-
haps leading to such windows being the norm rather
than exception, in the same way that fenestration
with surface coated glass is today the norm for a
number of markets. An alternative to electrochro-
mics is “gasochromics”, which relies on exchange
of oxidizing and reducing gases and leads to a
simple coating configuration but a complex control
system.

Solar-driven photocatalysis for cleaning of water
and air is a relatively unexplored field, but one with
many interesting possibilities. The future of this
technology is still uncertain but research is being
pursued vigorously, especially in Japan and China.

11.2 Heating and cooling

Solar collectors are in widespread use today. The
selectively absorbing surface has been gradually de-
veloped and refined during more than two decades,
and several such surfaces are industrially viable.
The properties are close to the theoretical limits.
Manufacturing technologies are now gradually
shifted away from electrochemistry-based ones,
such as plating or chemical conversion, to vacuum-
based alternatives with lower potential environ-
mental impact.

Apart from high-performance solar absorbers,
which of course must look black, somewhat less
efficient, colored surfaces, which lend themselves
well to integration in ordinary architecture, are
being developed. Such surfaces can be applied
expediently by painting and similar technologies.

Radiative cooling by using the clear sky as a heat
sink is, in the author’s opinion, a strangely un-
explored field in which materials development can
be instrumental. Selectively emitting surfaces, as
well as infrared-transparent convection shields, are
required. Water-collecting surfaces have attracted
even less attention despite their undeniable import-
ance.

11.3 Solar cells

Solar cells for electricity generation are attracting
much attention today, not the least among the
general public. The cost of solar electricity is still
an order of magnitude larger than the cost of con-
ventionally generated electricity, and it is also much
higher than for electricity produced by wind and
waves. Nevertheless there is no doubt that solar
electricity will play an increasing role in off-grid
situations and as building components offering spe-
cial and desired architectural expressions.

Concerning materials, silicon is by far the most
widely used absorber at present. Thin film cells,
especially those incorporating Cu(In,Ga)(Se,S),,

15

may have cost benefits but also involve manu-
facturing difficulties and materials of unknown
long-term availability. The technological persist-
ence of Si in solar cells brings to mind micro-
electronics, in which this particular material con-
tinues to be used despite the existence of other
possible options.

A reasonable projection is that the development of
solar electricity, as for the case of solar heating,
will progress along two paths: one leading to
devices with an ever-increasing performance requi-
ring stacked or graded cells based on inorganic
materials and capable of using a large part of the
solar spectrum, and another path leading to very
inexpensive cells with a lower performance and
perhaps based on organic materials.

11.4 Some concluding thoughts

An attempt to look into the future is subjective at
best, as emphasized above. Nevertheless, some glo-
bal trends will continue to influence and spur the
research on solar energy materials for decades to
come. Among these trends are a growing popu-
lation, which will boost the demand for safe and
affordable energy to fulfill its needs and aspi-
rations; a continuing agglomeration of people in
mega-cities, which has important effects on human
health as well as on micro-climates tending to
aggravate the effects of a general global warming;
and a progressive depletion of raw materials, which
will make it increasingly needed to employ abun-
dant ones. The role of solar energy materials in pro-
moting public health is likely to move from today’s
relative obscurity into clear light in the future as
devices for air and water cleaning are developed.
Solar energy can also be used for maintaining anti-
septic surfaces. Dedicated materials research may
conceivably lead to solar-driven photocatalysis of
water, releasing hydrogen that can be used as a fuel.

Fossil fuels will not run out for many years, but
their use is rightly curtailed by environmental
concerns—pollution-related and others. Abundant
energy from atomic fusion will remain conjectural
at least for decades. But solar energy will continue
to flow and to be ready for harnessing in the service
of mankind to an extent that is limited only by our
ingenuity.
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