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1 Introduction

The supply and demand of energy determine the course of global develop-
ment in every sphere of human activity. Sufficient supplies of clean energy
are intimately linked with global stability, economic prosperity, and quality
of life. Finding energy sources to satisty the world’s growing demand is one
of society’s foremost challenges for the next half-century. It is generally
understood that current patterns of energy supply are nonsustainable, and
that renewable energy, including solar energy, is bound to play a major role.

1.1 Solar radiation and its characteristics

Solar radiation, often called the solar resource, is a general term for the
electromagnetic radiation emitted by the sun (1,2). Solar radiation can be
captured and turned into useful forms of energy, such as heat and electricity,
using a variety of technologies and materials. The different parts of the elec-
tromagnetic spectrum as shown in Fig. 1.1 have very different effects upon
interaction with matter and therefore serve different purposes (3). Starting
with low frequency radio waves, the matter is quite transparent. (As we can
listen to our portable radio inside our home since the waves pass freely
through the walls of the house and even through the person beside us.)
As we move upward through microwaves and infrared (IR) to visible light
(VIS) more, absorption increases. In the lower ultraviolet (UV) range, all the
UV from the sun is absorbed in a thin outer layer of our skin. As we move
further up into the x-ray region of the spectrum, we become transparent
again, because most of the mechanisms for absorption are gone, we then
absorb only a small fraction of the radiation, but that absorption involves
the more violent ionization events. Each portion of the electromagnetic
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Figure 1.1 A diagram showing the electromagnetic spectrum. Source: (3) Copyright.

spectrum has quantum energies appropriate for the excitation of certain
types of physical processes. The energy levels for all physical processes at
the atomic and molecular levels are quantized, and if there are no available
quantized energy levels with spacings, which match the quantum energy of
the incident radiation, then the material will be transparent to that radiation,
and it will pass through. If electromagnetic energy is absorbed, but cannot
eject electrons from the atoms of the material, then it is classified as nonion-
izing radiation, and will typically just heat the material.

The spectrum of the incoming solar electromagnetic radiation (250-
2500 nm) just outside the earth’s atmosphere has a bell shape and defines
the sun’s temperature (~6000 °C) and is shown in Fig. 1.2 (4). The total
amount of energy emitted by the sun and received at the extremity of the
Earth’s atmosphere is constant-1370 W/m?*/sec. That received per unit area
of the Earth’s surface is 343 W/m?/sec. Incoming solar radiations are ab-
sorbed by atmospheric gases such as O,, O,, CO,, and H,O vapor. UV light
at wavelengths of <0.18 Wm is strongly absorbed by O, at altitudes above
100 km (62 mi). Ozone below 60 km (37.2 mi) absorbs most UV between
0.2 and 0.3 pm (200-300 nm). Atmospheric absorption above 40 km (24.8
mi) results in attenuation of ~5% of incoming solar radiation. Under clear-
sky conditions, another 10%-15% is absorbed by the lower atmosphere or is
scattered back to space, with 80%-85% reaching the ground. It is important
to note that the spectrum is limited to 0.25 < A < 3 Wwm so that there is no
overlap with the spectrum of thermal radiation (5). Hence, it is possible to



Solar radiation and light materials interaction 3

2.5 : -
UV : Visible :  Infrared »
2
3
£
Eis| |/
< / | 5778K blackbod
o ackbody
o H
€ 1 e
g / H,0 Sunlight at sea level
= 05 / Atmospheric
’ / absorption bands
H,O
vO \‘wz Hzo
0 2> ]
250 500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength (nm)

Figure 1.2 Adiagram showing the solar radiation spectrum. Source: (5) Copyright.

have surfaces with properties being entirely difterent with regard to thermal
and solar radiation. The balance between the incoming solar radiation and
the outgoing thermal radiation is the base for our environmental conditions.

The incoming solar electromagnetic radiation carries energy in tiny
packets, which are characterized by their frequency and are called photons.
The famous Planck-Einstein relationship between photon frequency (V)
and the energy of E.M waves is given by equation

E =hy,

where h is a fundamental constant and is called as Planck’s constant (6). The
value of “h;” = 6.626 X 107" Js. The wavelength and frequency depen-
dence of photon energy is key in determining how it would interact with
matter. Light traveling through a transparent media would travel at speed
less than that of light in vacuum, that is, retardation is observed. An example
cited earlier where a photon starting at the center of the sun took millions
of years to reach the surface is due to this same interaction of photons with
matter. Along its path, the photon undergoes a million collisions with the
atoms, ions, of the matter, each time gaining or losing energy. But once it
reaches the surface, it travels in the vacuum of space taking just 8.3 min to
reach the Earth. All these different portions of E.M radiations interact very
efficiently with matter. For example,VIS (and near-infrared light) is typically
absorbed and emitted by electrons in molecules and atoms that move from
one energy level to another. This action allows the chemical mechanisms
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that underlie human vision and plant photosynthesis. If radiation having a
frequency in the visible region of the EM spectrum reflects off an object,
and then strikes the eyes, this results in visual perception of the scene. The
brain’s visual system processes the multitude of reflected frequencies into
different shades and hues. This fine-tuned mechanism, a marvel of nature, is
what allows us to “see.” These types of interaction seem to be also depen-
dent on the type of matter and change with bulk, thin films and nanoma-
terials. Hence, it becomes important to understand this solar radiation and
matter interaction to get the benefit of a natural source of energy.

1.2 Importance of solar radiation

The world’s major energy sources are nonrenewable and are faced with
ever-increasing demand, and thus are not expected to last long. Besides
being nonrenewable, these sources include mainly fossil fuels, contributing
tremendously to the perennial problem of global warming because of CO,
emission. The eminent depletion and pollution problems of the above en-
ergy sources make the international community focus attention on alterna-
tive sources of energy, especially solar energy appears highly promising. The
sun is Earth’s natural power source, driving the circulation of global wind
and ocean currents, the cycle of water evaporation and condensation that
creates rivers and lakes, and the biological cycles of photosynthesis and life.
Covering 0.16% of the land on earth with 10% efficient solar conversion
systems would provide 20 TW of power, nearly twice the world’s consump-
tion rate of fossil energy. These comparisons illustrate the impressive magni-
tude of the solar resource, providing an energy stream far more potent than
present-day human technology can achieve. Solar energy is already being
successfully used in residential and industrial settings for cooking, heating,
cooling, lighting, space technology, and for communications among other
uses. While the reserves of fossil fuels are restricted, there is no limitation to
the availability of solar energy.

All routes for utilizing solar energy exploit the functional steps of cap-
ture, conversion, and storage. The sun’s energy arrives on earth as radiation
distributed across the color spectrum from IR to UV.The energy of this ra-
diation must be captured as excited electron hole pairs in a semiconductor,
a dye, or a chromophore, or as heat in a thermal storage medium. Excited
electrons and holes can be tapped off for immediate conversion to electrical
power, or transferred to biological or chemical molecules for conversion to
fuel. Natural photosynthesis produces fuel in the form of sugars and other
carbohydrates derived from the reduction of CO, in the atmosphere and
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used to power the growth of plants. The plants themselves become available
for as biomass for combustion as primary fuels or for conversion in reactors
to secondary fuels like liquid ethanol or gaseous carbon monoxide, meth-
ane, and hydrogen. We are now learning to mimic the natural photosyn-
thetic process in the laboratory using artificial molecular assemblies, where
the excited electrons and holes can drive chemical reactions to produce
fuels that link to our existing energy networks. Atmospheric CO, can be
reduced to ethanol or methane, or water can be split to create hydrogen.
These fuels are the storage media for solar energy, bridging the natural day-
night, winter-summer, and cloudy-sunny cycles of solar radiation.

In addition to electric and chemical conversion routes, solar radiation
can be converted to heat energy. Solar concentrators focus sunlight col-
lected over a large area to a line or spot where heat is collected in an ab-
sorber. Temperatures as high as 3000°C can be generated to drive chemical
reactions, or heat can be collected at lower temperatures and transferred to
a thermal storage medium like water for distributed space heating or steam
to drive an engine. Effective storage of solar energy as heat requires devel-
oping thermal storage media that accumulate heat efficiently during sunny
periods and release heat slowly during dark or cloudy periods. Heat is one
of the most versatile forms of energy, the common link in nearly all our en-
ergy networks. Solar thermal conversion can replace much of the heat now
supplied by fossil fuel. Although many routes use solar energy to produce
electricity, fuel, and heat, none are currently competitive with fossil fuels for
a combination of cost, reliability, and performance.

2 Different technologies for harnessing solar energy

Technologies and resources are used to convert solar radiation into solar en-
ergy to store it or convert it for other applications and can be broadly clas-
sified into two groups: (1) photovoltaic (PV) (7) and (2) solar thermal (§).
The PV technology converts radiant energy contained in light quanta
into electrical energy when light falls upon a semiconductor material by
causing electron excitation and strongly enhancing conductivity. Solar ther-
mal technology uses solar heat, which can be used directly for either ther-
mal or heating application or electricity generation. Accordingly, it can be
divided into two categories: (1) solar thermal nonelectric and (2) solar ther-
mal electric. The former includes applications such as agricultural drying,
solar water heaters, solar air heaters, solar cooling systems, and solar cookers,
and the latter refers to the use of solar heat to produce steam for electricity
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generation, also known as concentrated solar power (CSP). In addition to
the above technologies, of utilizing the solar energy spectrum, it is also
important to check for the possibility of tailoring the spectral absorptance,
emittance, reflectance, and transmittance of a surface to meet different de-
mands in different wavelength intervals, that is, to take advantage of spectral
selectivity of the solar grade materials (9).

2.1 Solar PV technology

Solar power can be converted directly into electrical power in PV cells, com-
monly called solar cells. The sun has a surface temperature of about 6000°C,
and its hot gases at this temperature emit light that has a spectrum ranging
from the UV, through the visible, into the IR. According to quantum theory,
light can behave either as waves or as particles, depending upon the specific
interaction of light with matter; this phenomenon is called the wave-particle
duality of light. In the particle description, light consists of discrete particle-
like packets of energy called photons. Sunlight contains photons with energies
that reflect the sun’s surface temperature;in energy units of electron volts (eV),
the solar photons range in energy (hv) from about 3.5 eV (UV region) to 0.5
eV (IR region).The energy of the visible region ranges from 3.0 eV (violet)
to 1.8 eV (red); the peak power of the sun occurs in the yellow region of the
visible region, at about 2.5 eV. At high noon on a cloudless day, the surface of
the Earth receives 1000 W of solar power per square meter (1 kW/m?).

PV cells generally consist of a light absorber that will only absorb solar
photons above certain minimum photon energy. This minimum threshold
energy is called the “energy gap” or “band gap” (Eg); photons with energies
below the band gap pass through the absorber, while photons with ener-
gies above the band gap are absorbed. The light absorber in PV cells can be
either inorganic semiconductors, organic molecular structures, or a combi-
nation of both. In inorganic semiconductor materials, such as Si, electrons
(e7) have energies that fall within certain energy ranges, called bands. The
energy ranges, or bands, have energy gaps between them. The band con-
taining electrons with the highest energies is called the valence band. The
next band of possible electron energies is called the conduction band; the
lowest electron energy in the conduction band is separated from the highest
energy in the valence band by the band gap. When all the electrons in the
absorber are in their lowest energy state, they fill up the valence band, and
the conduction band is empty of electrons. This is the usual situation in the
dark. When photons are absorbed, they transfer their energy to electrons in
the filled valence band and promote these electrons to higher energy states
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in the empty conduction band. There are no energy states between the va-
lence and conduction bands, which is why this separation is called a band
gap and why only photons with energies above the band gap can cause
the transfer of electrons from the lower-energy-state valence band into the
higher-energy-state conduction band. When photons transter electrons
across the band gap, they create negative charges in the conduction band
and leave behind positive charges in the valence band; these positive charges
are called holes (h+).Thus, absorbed photons in semiconductors create pairs
of negative electrons and positive holes. In a PV cell, the electrons and holes
formed upon absorption of light separate and move to opposite sides of the
cell structure, where they are collected and pass through wires connected to
the cell to produce a current and a voltage thus generating electrical power.
The schematic is shown in Fig. 1.3.

2.2 Solar thermal technology

Solar thermal processes encompass a wide variety of technologies, all of
which begin by converting the incident sunlight to heat. This heat can be
converted to electricity, as is currently done in CSP plants via a Rankine
or combined cycle (10), solar thermoelectric generators (STEG) (11), and
solar thermophotovoltaics (STPV) [13,14]. Currently, there are 3 GW of
installed and underconstructed CSP plants in the world, but STEGs and
STPV have yet to be commercialized. Solar thermal energy, or the waste
heat from the aforementioned solar-to electricity processes, can also be used
for heating or cooling. Nearly 300 GW of solar thermal heat or hot water
systems have been installed worldwide (12).

A schematic of a typical solar thermal to electrical energy conversion
system is shown in Fig. 1.4. In such solar thermal technologies, the sunlight
is absorbed as heat at the absorber. This absorber must strongly absorb the
sunlight, while ideally losing little heat to the environment via convection
and radiation. An absorber, which has strong solar absorptance and low IR
emittance, is called a spectrally selective absorber (14,15).

Absorbers must efficiently convert a solar flux into heat and deliver that
heat to the thermal system (Fig. 1.4).The efficiency of the conversion from
solar irradiance at the absorber, H , to a heat flux delivered to the thermal
system, q,, is defined as the absorber efficiency, 17, :

T’ \ — qh =0 _gr O-Sb (’1714 - Ta:tlb) _ hamv (’11!1 - Tamb)
abs o s

abs abs abs
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Figure 1.3 A diagram showing absorption of photon of energy (h ) greater than band
gap of semiconducting materials.

where 0, is the Stefan-Boltzmann constant, T, is the absorber temperature,
T is the temperature of the environment, and i is the convective heat
transfer coefticient. The solar absorptance, ¢, is defined as:

L I 1T €, (2,6,0)S(2,6,8) cos sin 02 dg d6
./Um f:ﬂ foﬂ ‘ S(A,9,0)cos6 sinOdA dg d6

where A is the wavelength of radiation, @ is the azimuthal angle, 6 is the
polar angle, £, is the spectral directional emittance at the operational tem-
perature, and S is the incident solar intensity at the absorber. The numerator
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Figure 1.4 A typical solar thermal energy conversion system. Sunlight incident on the
absorber (H,, ) is converted to a heat flux (g,) and delivered to the thermal system, where
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the desired output (work, electricity, heat, cooling, etc.) is produced. Waste heat (g ) may
be generated in the process and rejected to a heat sink. Radiative (g,_,) and convective
(q.,,,) losses at the surface reduce the potential output of the system.

of this equation is the total absorbed solar energy; the denominator is the
incident solar flux H_ .
The thermal emittance, €, is defined as:

_ LI [T €, (2,9,0)1,, (A,9,0)cosOsinOdA do dO
’ L0, (A,9,0)cosOsinBdA do d6

where I, is the blackbody intensity given by Planck’s formula.

One of the efficient spectrally selective absorbers is a mixture of ceram-
ics and metals (cermet). When integrated with an antireflection coating
(ARC) and an IR -reflective base layer (either an intrinsically IR reflecting
substrate or an IR -reflective coating on a substrate), cermet-based coatings
(Fig. 1.5) can be very effective spectrally selective absorbers.

By having a large emittance in the solar wavelengths and a small emit-
tance in the IR, absorbers can have high solar absorptance and low ther-
mal emittance, thus resulting in high absorber efficiency. To maximize the
absorber efficiency, multiple absorption mechanisms should be employed.
One strategy is to explore new materials, including metal inclusions and di-
electrics, which have high thermal stability and excellent optical properties
for high temperature applications.

3 Interaction of matter with solar radiation

Rapid developments in nanoscience have created an unusual opportunity
for advances in basic solar energy research. Because the individual micro-
scopic steps of solar energy use take place on the nanometer scale, the ability
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Figure 1.5 Schematic representation of a cermet-based spectrally selective absorber.
The antireflection coating (ARC) reduces solar reflection off the surface; the cermet pro-
vides selective absorption; and the IR reflector (typically Cu, Al, Mo, or other metal with
low intrinsic emissivity) reduces radiation losses. The substrate is usually metal (to con-
duct heat well) or glass (for lower cost). The cermet comprises a dielectric host (dark red)
with metal particle inclusions (circles).

to pattern and control matter on this length scale presents unusual opportu-
nities for researchers to create new materials for solar energy conversion and
use. The emergence of new fundamental physical properties on this length
scale could potentially lead to far more efficient technologies for conver-
sion of solar energy to electricity and fuels. To take advantage of these new
materials and processes, researchers must create complex arrangements of
nanoscale components.

The most popular term in the nanoscale world is quantum confine-
ment effect, which is essentially due to changes in the atomic structure as
a result of direct influence of ultra-small length scale on the energy band
structure (16).The length scale corresponds to the regime of quantum con-
finement ranges from 1 to 25 nm for typical semiconductor groups of 1V,
[II-V, and II-VT1, in which the spatial extent of the electronic wave function
is comparable with the particle size. As a result of these “geometrical” con-
straints, electrons “feel” the presence of the particle boundaries and respond
to changes in particle size by adjusting their energy. This phenomenon is
known as the quantum-size effect. Quantization effects become more im-
portant when the particle dimension of a semiconductor is near or below
the bulk semiconductor Bohr exciton radius, which makes material’s prop-
erties size dependent. In general, the Bohr radius of a particle is defined as

(17)
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Figure 1.6 A schematic of the discrete energy level of a semiconductor.

where €1s the dielectric constant of the material, m* is the effective mass of
the particle, m is the rest mass of the electron, and a_ is the Bohr radius of
the hydrogen atom.When the particle size approaches Bohr exciton radius,
the quantum confinement effect causes increasing of the excitonic transi-
tion energy and blue shift in the absorption and luminescence band gap
energy (17). For example, 4.8 nm diameter PbSe nano crystals (NCs) show
an effective band gap of approximately 0.82 eV, exhibiting a strong confine-
ment induced blue shift of >500 meV compared to the bulk PbSe band
gap of 0.28 eV (the Bohr exciton radius in PbSe is 46 nm) (18). In addition,
quantum confinement leads to a collapse of the continuous energy bands of
a bulk material into discrete, atomic like energy levels. The discrete structure
of energy states leads to a discrete absorption spectrum, which is in contrast
to the continuous absorption spectrum of a bulk semiconductor as shown
in Fig. 1.6. A quantum confined structure is one in which the motion of
the carriers (electron and hole) are confined in one or more directions by
potential barriers. Based on the confinement direction, a quantum confined
structure will be classified into three categories as quantum well, quantum
wire, and quantum dots (QD) or nanocrystals. The basic type of quantum
confined structure is given in Table 1.1.
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Table 1.1 Classification of quantum confined structures.

Structure Quantum confinement Number of free dimension
Bulk 0 3
Quantum well/superlattices | 1 2
Quantum wire 2 1
Quantum dot/nanocrystals | 3 0

g(E) = Density of states

dot
L sheet .

oD
g(E) g(E)

rek |

Figure 1.7 Density of electron states of a semiconductor as a function of dimension. The
optical absorption spectrum is roughly proportional to the density of states.

In QDs, the charge carriers are confined in all three dimensions which
the electrons exhibit a discrete atomic-like energy spectrum. Quantum
wires are formed when two dimensions of the system are confined. In
quantum well, charge carriers (electrons and holes) are confined to move in
a plane and are free to move in a two-dimensional. Also, the energy level of
one of the quantum numbers changes from continuous to discrete. Com-
pared with bulk semiconductors, the quantum well has a higher density of
electronic states near the edges of the conduction and valence bands, and
therefore a higher concentration of carriers can contribute to the band-
edge emission. As more number of the dimension is confined, more discrete
energy levels can be found; in other words, carrier movement is strongly
confined in a given dimension. Density of electron states in bulk, 2D, 1D,
and 0D semiconductor structures, are shown in Fig. 1.7. 0D structures have
very well-defined and quantized energy levels. The quantum confinement
effect corresponding to the size of the nanostructure can be estimated via a
simple effective-mass approximation model.

This method can predict the confined energy levels of nanostructures by
solving Schrodinger equation assuming the barriers have an infinite confining
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potential. The “eftective mass” solutions of the Schrodinger equation for elec-
trons confined in a quantum dot or NCs, quantum wire and quantum well are:
Quantum dot or nanocrystal:

B n2h2 7’l2 mZ N 12
n,m,l - 21’”* L27 L2y Li

=0(2)0(y)0(x)

Quantum wire:

nh?| n®>  m? 2fe?
k)= S [
’ 2m L2Z LZY 2m

,= ¢(2)¢(y)exp(ilexx)

Quantum well:

n*h*n>  h?
n,m,l = *x72 + *
2wl 2m

k2 +k2 ), =@ (z)exp|ik x +ik y
Y Y

where n,m,1=1,2 ... the quantum confinement numbers; L , Ly, and L_are
the confining dimensions; CXp(ikxX +ik),y) is the wave function describing
the electronic motion in x and y directions, similar to free electron wave
functions.

In addition to the quantum confinement effect of nanostructures, their
small dimensions, results into extremely large surface area to volume ratio,
which makes a large number of surface or interfacial atoms, are resulting
in more surface dependent properties. Nanomaterials can be classified de-
pending on the dimensions such as (1) 0D spheres and clusters, (2) 1D
nanofibers, nanowires, and nanorods, (3) 2D films, plates, and networks, (4)
3D nanomaterials and is shown in Fig. 1.8.While most of micro structured
materials have similar properties to the corresponding bulk materials, the

e PV R A 1
®e /\/\ 3 L A1~ 7
® “%‘ .
b A #
X ) / \\ Al
e N\ - ] :
(A) (B) (C) (D)

Figure 1.8 Classification of nanomaterials (A) 0D spheres and clusters, (B) 1D nanofi-
bers, wires, and rods, (C) 2D films and networks, (D) 3D nanomaterials.
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properties of materials with nanometer dimensions are significantly differ-
ent from those of atoms and bulk materials. This is mainly due to the nano-
meter size of the materials, which render them: (1) large fraction of surface
atoms, (2) high surface energy, (3) spatial confinement, and (4) reduced
imperfections cannot be seen exist in the corresponding bulk materials (19).
Reduced imperfections are also an important factor in the determination of
the properties of the nanomaterials.

4 Effect of nanostructuring on the solar energy harvesting

Due to these changes in the properties of nanoparticles as compared to
their bulk counterparts, Nanostructure-based solar energy is attracting sig-
nificant attention as a possible candidate for achieving drastic improvement
in the field of solar energy conversion to some useful applications (20). To
improve the efficiency of solar energy conversion technologies, we have
to increase the absorbance of the materials; this can be achieved by taking
that material into the nano scale range because due to change in size, the
band gap and density of states also change. So, we can use nanostructured
layers instead of traditional thin-film solar cells. Nanostructured layers in
thin-film solar cells offer three important advantages. First, due to multiple
reflections, the effective optical path for absorption is much larger than the
actual film thickness. Second, light-generated electrons and holes need to
travel over a much shorter path and thus recombination losses are greatly
reduced. As a result, the absorber layer thickness in nanostructured solar
cells can be as thin as 150 nm instead of several micrometers in the tradi-
tional thin film solar cells. Third, the energy band gap of various layers can
be made to the desired design value by varying the size of nanoparticles.
This allows for more design flexibility in the absorber of solar cells. Ex-
amples to this type of layers are: polycrystalline thin-film solar cells such as
CulnSe, (CIS), Cu(In,Ga)Se, (CIGS), and CdTe compound semiconduc-
tors (21,22). Because of the high absorption coefficient (~10° cm™), a
thin layer of ~2 mm is sufficient to absorb the useful part of the spectrum.
Fig. 1.9 shows the schematic structure of CIGS-based solar cells obtained
by low-temperature pulsed electron deposition, with the experimentally
achieved efficiency of 15% (23).

Moreover, nanomaterials are smaller in size and also have lightweight;
due to this, lightweight and flexible solar cells can yield a high specific
power (W/kg) and open numerous possibilities for a variety of applications.
Interaction of solar radiations with matter at nanoscale has two advantages;
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Figure 1.9 (A) Schematic diagram of CIGS photovoltaic (PV) structure. (B) (/ — V) Charac-
teristic for the CIGS solar cell. Source: (23) Copyright.

it improves light absorption and reduces the amount of material needed.
Another advantage of nanoscale is that some of the indirect band gap semi-
conductors can be transferred to strongly absorbing direct band gap semi-
conductors and can be used as a thin film solar cells such as silicon, which
has mostly dominated the PV industry.

As we know, electromagnetic radiation (primarily in the visible and
near-infrared regions of the spectrum) is emitted from the sun and ab-
sorbed by the solar cell. A photon will then excite a negatively charged
electron from the valence band (low energy state) to the conduction band
(a higher energy state) leaving behind a positively charged vacancy, called a
hole. For this energy transfer to create any usable energy, the photon must
have energy greater than the bandgap of the material, or else the electron
will immediately relax down and recombine with the hole and the energy
will be lost as heat. Upon excitation above the bandgap, the photon creates
an electron and a hole, which are now free to move throughout the semi-
conductor crystal. These act as charge carriers, which transport the energy
to the electrical contacts, which results in a measurable external current.
Current solar cells cannot convert all the incoming light into usable energy
because some of the light can escape back out of the cell into the air. Ad-
ditionally, sunlight comes in a variety of colors and the cell might be more
efficient at converting bluish light while being less efficient at converting
reddish light. Higher energy light does excite electrons to the conduction
band, but any energy beyond the band gap energy is lost as heat. All these
problems can be resolved by using the QDs instead of the bulk materials
(24). The access energy, which is lost in the form of heat after excitation of
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Figure 1.10 Multiple exciton generation in quantum dots. Because of quantum con-
finement in the small nanoscale semiconductor QD particle, the energy levels for elec-
trons and holes are discrete. This slows hot exciton cooling and enhances multiple ex-
citon formation. A single absorbed photon that has energy at least 3 times the energy
difference between the first energy levels for electron and holes in the QD can create 3
excitons. The bandgap of the bulk semiconductor is indicated as Eg.

electron, is further used in QDs for multiple exciton generation as shown
in the schematic given in Fig. 1.10 (25,26).

In bulk semiconductors, this process is known as electron hole pair mul-
tiplication (EHMP) and occurs when more than one electron hole pair is
produced by absorption of one photon of energy at least twice the band
gap. Nozik et al. reported that production of these electron-hole pair in-
creases by ~2 in PbSe QDs compared to bulk PbSe. EHMP is more effi-
cient in PbSe QDs than in bulk PbSe (29). It is reported that in QDs there
are at least three fundamental properties that are modified due to quantum
confinement and affect the EHPM process. (A) Crystal momentum is no
longer a good quantum number. There are three factors that can aftect hv,
(threshold energy) related to crystal momentum: (1) absorption selection
rules are modified; (2) conservation of crystal translational momentum is
relaxed, allowing hV, to be less than that required by momentum conser-
vation. In fact, we find hv, in QDs of PbSe is lower than that allowed by



Solar radiation and light materials interaction 17

350 A

= PbSe QDs(LANL)ref.22
" PbSe QDs(NREL)ref.24
300 H{ © bulk PbS ref. 25

® bulk PbSe ref. 25

250
>_
g
200 A
150
1004 o
T T T T T T T T
2 4 6 8 10 12 14 16
hviEg

Figure 1.11 QY vs. hv/Eg for PbSe QD, PbSe bulk, and PbS bulk samples. Source: [29-31]
Copyright.

momentum conservation in bulk PbSe, and (3) single- and multiexcitonic
states can be coupled through the Coulomb operator to form a superpo-
sition of states. Such coupling is not possible in bulk systems with well-
defined momentum. The best way to compare EHPM processes between
semiconductor QDs and bulk semiconductors is to plot the quantum yield
(QY) vs. hv/Eg (threshold energy needed to produce extra electron-hole
pair) as this provides a direct determination of the EHPM efficiency, 11,,,..»
and allows for determination of the relative contributions of EHPM and
competing relaxation channels and is shown in Fig. 1.11 for PbSe QD and
PbSe and PbS bulk samples. (B) The discrete structure of semiconductor
QD energy bands, due to quantum confinement and intimate control over
surface states and surface ligands, can be used to modify carrier relaxation
rates. (C) Increased Columbic coupling between excitons in QDs increases
Auger-related processes like multiple-exciton-generation (MEG).

Due to these properties of QDs, solar cells produced from QDs can have
much higher power conversion efficiencies than their bulk counterparts
and are given in Fig. 1.12.The results are based on Shockley-Queisser (SQ)
detailed balance calculations given [I]. In Fig. 1.12, curve 6 (black solid line)
is the conventional SQ (Shockley-Queisser) calculation with just 1 EHP
created per photon at the band gap; curve 1 (solid red curve) assumes the
maximum multiplication energetically allowed and is based on M . Curve
2 (solid green line) is based on hv, = 2Eg followed by creation of one extra
exciton created per Eg (defined as the L2 characteristic); curve 3 (solid blue
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Figure 1.12 PV power conversion efficiencies at AM1.5 vs. band gap for various charac-
teristics of MEG QY. Source: (29) Copyright.

line) is based on a threshold of 2.5 Eg, curve 4 is based on a threshold of 3Eg
(defined as the L3 characteristic); curve 5 is based on a threshold of 4.5Eg
with 77, 0.19 (defined as the L5 characteristic and is the experimental
bulk characteristic for PbSe (29).

As seen in this Fig. 1.12, the maximum thermodynamic conversion efti-
ciency of ~5% for bulk PbSe is only marginally enhanced when the exper-
imentally measured EHPM is included. Thus, EHPM in bulk PbSe cannot
produce a significant enhancement of conversion efticiency. In contrast, for
PbSe QDs with a quantized band gap of 0.95 eV, the maximum thermody-
namic conversion efficiency is 31% for the SQ calculation, 37% for the L2
characteristic (solid green line), 32% for the L3 characteristic (solid purple
line), and 42% for the M___characteristic (solid red line). These calculations
show that PbSe QDs will always have a much higher theoretical conversion
efficiency compared to bulk PbSe (by factors ranging from 2.7 (L3 charac-
teristic) to 3.5 (M__characteristic) (29,30).

5 Importance of solar thermal technology

Another aspect of using the incoming solar photon is photo thermal energy
production, and to look for new technologies to efticient conversion of so-
lar energy into electricity, it has become much important to look for several
ways of minimizing energy utilization, as conservation of energy is the most
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effective way of reducing CO, concentration, which has risen from ~315
ppm at the end of the 1950s so that it now exceeds ~400 ppm, without any
sight for this reduction. In view of this, it becomes important to reduce the
usage of fossil fuels and also the electricity usage, which reduces the harmftul
effect of CO, emission, that is, global warming, by making energy efticient
building, windows, and vehicle. In this direction, it becomes very important
to study a unique class of materials called as solar energy materials, for ther-
mal applications and have optical properties that make them well adapted
for utilizing solar energy and for reaching energy efficiency, especially in the
built environment (31). As we know that electricity utilization in-house and
industrial is must. For example, in the United States, air conditioning-based
in-house cooling consumes ~15% of the primary energy used by buildings.

Solar energy materials have properties that are tailored to the charac-
teristics of the electromagnetic radiation in our natural surroundings, espe-
cially its spectral distribution, angle of incidence, and intensity. This tailoring
can be made with regard to solar irradiation, thermal emission, atmospheric
absorption, VIS, photosynthetic efficiency, and more. Solar energy materi-
als can be of many kinds, for example, metallic, semiconducting, dielectric,
glassy, polymeric, gaseous, etc. In particular, thin surface coatings of solar
energy materials may exhibit the desired properties in their own right or
may yield such properties when backed by an appropriate substrate. By us-
ing these smart solar energy materials for strategically cooling or heating,
which keeps indoor comfort without electricity requirement, will therefore
impact the global energy consumption (32). Energy-efficient window 1is
therefore considered to be the first step for reducing energy consumption
through the reduction of heat transter between indoor and outside environ-
ments. Windows are the key components to any building’s design and pro-
vide the strategy to improve energy efficiency of the building. The conven-
tional glass windows without any coatings films allow the passage of visible
transmittance as well as solar heat that in turn increase the heating as well as
cooling of the building structure. However, a functional coating on the glass
eliminates solar heat and reduces the energy consumption. The functional
materials and energy efficient windows have become a subject of intensive
study toward energy conservation that has been discussed aplenty (33-53).

There are a variety of coating technologies such as thermo-chromic,
low-emission (low-e) coating, aerogel, photochromic, electrochromic, gaso-
chromic, suspended particle, and liquid crystal that are demonstrated for
energy saving windows application. Fig. 1.13 shows the passive IR regulat-
ing coating for smart windows application. As shown in Fig. 1.13 above,
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Figure 1.13 Schematic diagram of transparent heat regulating (THR) materials, multi-
layer coating, and applications. Source: [56-63] Copyright.

the thermochromic coating of metal oxides on the window glass of the
building can be used for reducing the energy loss by controlling the heat
flow across them. Thermo-chromic materials are capable of changing their
optical properties when exposed to heat. The transmittance and reflectance
can be significantly altered due to phase transition; in common language,
there is a change in the color of the materials coating due to influence of
thermal energy. The performance of thermo-chromic materials can be eval-
uated by phase transition temperature (77), luminous transmittance (T, ),
visible transmittance, and modulation capability of solar energy (AT, ). The
transition temperature represents the critical value of temperature beyond
which the thermo-chromic materials change its phase from semiconduct-
ing to metallic or shows change in color (35). The energy saving efficiency
of thermo-chromic coating can be estimated by the change in transmit-
tance of the coating at 2500 nm before and after metal to semiconductor
transition temperature; that is called switching efficiency (62). The ratio of
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Figure 1.14 (A) Schematic of visible and infrared light transmission from VO2 film at low
and high temperature corresponds to insulator to metallic phases. (B) IR transmittance
profile of VO2 film during heating and cooling. Source: (61) Copyright.

transmitted light to incident light is defined as luminous transmittance and
presented as % of light transmitted. The transmittance of solar energy before
and after transition is measured by the solar modulation efticiency (AT )
(35). Among the various transition metal oxides (lower oxides of vanadium,
titanium, iron, and niobium), thermo-chromic properties of VO, are ex-
tensively investigated due to lower transition temperature and sharp transi-
tion features. Thermo-chromic properties in transition metal oxide appear
due to d-d transitions with shift in Fermi level under thermal excitation
and lattice expansion and temperature-dependent electron-phonon cou-
pling (63). Insulator-to-metal transition at 68°C in vanadium dioxide (VO,)
is responsible for electrochromic behavior. Fig. 1.14 shows the schematic
diagram for insulator to metal transition of VO, and its impact in optical
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properties. Numerous efforts have been reported to improve the thermo-
chromic properties of VO, materials especially to reduce the T’ to make the
technology disruptive for commercial utilization. It has been found that the
doping of VO, by numerous foreign cations (W**, Nb>*, Ti**, Cr’*, or AI’*)
is reported, and it is noticed that doping changes the transition temperature
considerably (64).

The conventional glass emits 84% of the radiant heat falling upon it by
absorbing and transmitting IR radiation while reflecting only 16% of IR
radiation (65). Transparent heat reflector reflects IR of wavelength (k > 700
nm) and allows the transmission of VIS with 400 nm < k < 700 nm (33,85).
Harmful UV radiation is normally absorbed by the glass substrate or dielec-
tric layers within the structure. The dielectric/metal (66) and dielectric/
metal/dielectric-based multilayers (33,38—41,42,44,50,54,67,68,69-73)
with low emission (low-¢) materials act as heat reflecting coatings. Low-
thermal emittance (low-e) coatings effectively reduce IR radiation trans-
fer through windows, which reduces thermal leakage from indoors to the
outdoor surroundings. It consists of thin metal to protect metal layer from
the environment and also acts as antireflecting coating to increase visible
transmission through the coating layer (54,74). The undercoat layer im-
proves adhesion between glass and metal layer (48,68). Design of dielectric
layer based on metal oxides and sulfide 1s very crucial as it enhances vis-
ible transmission without reducing IR reflection and protects coating from
the harsh ambient (43,52,54,75-78). Microstructural properties of thin
metal layer and dielectric passivation layers have significant roles on the IR
reflectance and visible transmittance (45-47,79). Growth mechanism and
choice of interfacial layer enhance the stability and durability of the coat-
ing (39,45,48,50,77,80-83). Apart from presenting the desirable optical
performance, commercial transparent heat reflector coating is designed to
be chemically, thermally, and mechanically stable.

Low-e coating can be divided into two categories; high solar gain low-e
and low solar gain low-e, as shown in Fig. 1.15. The high solar gain low-e
coating is more suitable for cold weather, as it allows visible transmission
and near infra-red (NIR) into the building, whereas, low solar gain low-e
is suitable for hot weather since the latter reflects NIR into the atmosphere
and keeps the building cool. By choosing appropriate materials and multi-
layer structure, optical performance of the coating can be tuned. Thickness
of dielectric and metal plays important role to develop low solar gain low-
e and high solar gain low-e (46,49,52,54,74,84-86). Furthermore, opti-
cal properties (visible transmittance and IR reflectance) of the multilayer
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Figure 1.15 Direct spectral transmittance of trilayered samples (ITO/Au/ITO) with dif-
ferent gold spacer thicknesses. Source: (91) Copyright.

depend on the synthesis process, microstructural property, interface engi-
neering, and design of the multilayers (43,51-53,75,72,76-78,87-90).

6 Novel materials for regulating IR radiation

Besides low-e and thermo-chromic materials, transparent solar cells on
glass/plastic substrates are emerging rapidly for building-integrated photo-
voltaics (BIPV) for energy-harvesting windows. The transparent solar cell
is capable of generating electricity while simultaneously reducing heating
and cooling demands for indoor comfort. Transparent solar cells with heat
mirror can empower the solar energy harvesting and reduces the electric-
ity consumption required for indoor comfort (92). Inorganic and organic
semiconductors have been employed for transparent/semitransparent solar
cells (92—94). Semitransparent perovskite solar cells (PSCs) are not only
highly efficient but also very effective in thermal-mirror operation. The
average power conversion efficiency of semitransparent PSCs is 13.3% and
the outstanding NIR rejection is ~85.5%. This demonstrates their great
potential for ideal “energy generating and heat-rejecting” solar window ap-
plications making smart use of solar energy. In addition, dye-sensitized solar
cells (IDSSCs) and organic lead halide PSCs have attracted significant atten-
tion as next-generation low-cost photo-voltaics because of the potential
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Figure 1.16 Device structure, IPCE spectra, and J-V characteristics of the hybridized
cell. (A) Device structure of the hybridized cell using a dichroic spectrum splitter. (B)
Transmittance spectra of dichroic mirrors under measurement conditions such as inci-
dent of a 45° angle. (C) IPCE spectra of the individual components of the hybridized cell
with various dichroic mirrors: visible absorbing cell, PSC (solid line); near-IR absorbing
cell, DX3-based DSSC (dashed line). (D-G) PV parameter and total power conversion ef-
ficiency dependence on the splitting wavelength of the dichroic mirrors: PSC (red), DX3-
based DSSC (blue), and total power conversion efficiency of the hybridized cell (green).
Source: (93) Copyright.

widespread applications. Fig. 1.16 shows below a hybridized solar cell em-
ploying a spectral splitting system, which was constructed using dichroic
mirrors at an angle of 45° with splitting edge wavelengths of 602, 654, 697,
733,771, and 775 nm. It can be seen that by using series connection, the
light absorption band can be adjusted so as to equal the photocurrent of
each component under standard sunlight. In this, a high-voltage PSC with a
lead bromide perovskite will show the high-energy bandgap (B 2.3 eV),and
therefore the series-connected tandem cell would achieve up to 22% PCE.

Transparent polymer solar cells selectively absorb solar spectrum and
convert into electricity (94-98). All solution-based transparent solar cells
with novel materials are ideal to regulate NIR for smart windows applica-
tion (92,93,98). Luminescent materials-based fully transparent solar cells
not only reduce IR transmittance into the building but also convert NIR
into electricity (61,99). The near-infrared transparent luminescent solar cells
(TLSCs) based on organic salts provide an alternative strategy for transpar-
ent solar harvesting systems that can ultimately enhance the overall system
efficiency of combined UV and NIR TLSCs. As shown in Fig. 1.17. Lunt
et al. have designed and fabricated the first visibly transparent luminescent
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Figure 1.17 (A) Schematic of the transparent luminescent solar concentrator. (B) Pho-
tograph of the transparent LSC system incorporating CY luminophore. (C) CY and HITC
molecular cation structures (top); the natural excited-state transition orbital pairs for
HITC (left) and CY (right). The hole orbitals are shown on the top of the excited electron
orbitals. Two cyanine derivatives: 2-[7-(1,3-dihydro-1,3,3-trimethyl-2H-indol-2-ylidene)-
1,3,5-heptatrienyl]-1,3,3-trimethyl3H-indolium (HITC) iodide (HITCl) and 1-(6-(2,5-dioxo-
pyrrolidin-1-yloxy)-6-oxohexyl)-3,3-dimethyl-2-((E)-2-((E)-3-((E)-2-(1,3, trimethylindolin-
2ylidene)ethylidene) cyclohex-1-enyl)vinyl)-3H-indolium chloride (CY) have been used
for the TLSCs. (D) Normalized absorption (circle symbols) and emission (square symbols)
spectra of the NIR-absorbing luminophores CY (blue line) and HITCI (black line) films. (E)
Current density as a function of voltage for the fully assembled TLSC systems with two
of the luminophores. Source: (61) Copyright.

solar concentrator devices, which selectively harvest NIR photons based on
fluorescent organic salts. These transparent TLSCs exhibit a nontinted trans-
parency of 86 * 1% in the visible spectrum combined with an efficiency
of 0.4 £ 0.03% and have the potential for efficiencies up to 10% due to the
large fraction of photon flux in the near-infrared (61). These transparent
NIR LSCs provide a new route to transparent light-harvesting systems with
tremendous potential for high defect tolerances and processability.Vasiliev et
al. demonstrated a new class of solar window system ready for industrial ap-
plication (77). UV and IR radiation energy are converted and/or deflected
geometrically toward the panel edge for collection by copper-indium sel-
enide (CulnSe,)-based solar cells. The power conversion efficiencies 3.04%
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in 10 em X 10 c¢m vertically placed clear glass panels facing direct sunlight,
and up to 2.08% in 50 cm X 50 cm installation ready framed window sys-
tems were demonstrated. Davy et al. demonstrated near-ultraviolet solar cells
with electro-chromic windows for smart management of the solar spectrum
(99). Single-junction organic solar cells integrating with a low-cost, poly-
mer-based electro-chromic window enables intelligent management of the
solar spectrum (99). Hence, we can say that for the economic commercial
utilities, multifunctional performance of coatings is essential to enhance the
energy conversion from the incoming solar radiation.

7 Conclusions

This chapter gives us the insight of technologies available for harnessing
the huge amount of incoming solar radiation for its successful conversion
into energy and hence can be treated as alternative to traditional fossil fuel-
based sources of energy. It was discussed that using nanostructured materials
having specific physical and chemical properties will lead to improvement
in the efficiency of existing solar PV cell industry. In addition, the out-
come from the chapter comes out to be that the use of spectrally selective
coating over the windows/glass of the building can be used for regulating
the heating and cooling of the inside environment. This type of functional
coating on the glass eliminates solar heat and reduces the energy consump-
tion, which will lead to energy saving, and will further tackle the CO,
emission globally. Further, the plastic/glass-based transparent solar cells in-
tegrated with dielectric/metal/dielectric-based transparent conductor have
been shown to empower the heat mirror and solar electricity for smart
windows applications. This chapter, in turn, describes how incorporation
of nanotechnology can improve the efficiency of solar energy conservation.
One thing should be clear from this chapter: that solar energy and related
materials research represents a dynamic field, whose importance and indus-
trial viability are bound to increase in the future.
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