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ABSTRACT

Quantum dots are tiny particles of semi-conductors that are easy and cheap to produce and
can be used in solar cells to conduct the electrons [1]. The development of this technology has
shown much promise not only at converting the sun’s energy more efficiently, but also by
doing it in a more cost-effective manner. Quantum dots have the potential to greatly improve
solar technology and make solar energy a more viable option as an energy source. The main
objective of the paper is to explain the processes, applications and advantages of quantum
dots in solar cells. The cost-effectiveness, versatility and efficiency of the quantum dot
technology will be emphasized in this paper. The paper will begin by discussing the need for
alternative fuel sources, which will be investigated by evaluating the pros and cons of existing
solar technologies. Then it will continue by explaining the technology of quantum dots and
their use in solar cells. It will also explore the advantages and drawbacks of using quantum
dots along with the ethical concerns that come with any new technology.
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AN UNLIMITED SOURSE OF
ENERGY: SOLAR POWER

“The world’s population is expected to square meter of Earth [3]. The sun is a

grow by over fifty percent over the next
four decades, and with it, the need for fuel
[2]”. The primary source of energy in the
United States, today, is through the
burning of fossil fuels, which are in finite
supply. The United States needs to turn to
a more renewable and longer-lasting
source, the sun. The sun’s rays gives off
about one thousand watts of energy per
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great source of energy that is almost
always available and will is never
decreasing in supply. Developing ways to
harness all the sun’s energy could supply
enough energy to power cities. Many
concerns arise, when turning to new ideas,
but solar energy has many advantages.

One of the most important reasons for
using solar energy as an alternative is that
it is clean energy. When burned, fossil
fuels create greenhouse gases, which have
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been proven to be harmful to the
environment and have been connected to
global climate change. The further use of
fossil fuels, such as coal, oil and gasoline,
only contribute to the pollution of the
environment. According to the U.S.
Department of Energy, the annual amount
of carbon dioxide offset by a two and a
half kilo-Watt rooftop residential solar
electric system is equal to that emitted by a
typical family car during that same year
[4]. Not only is solar energy cleaner and
renewable, it also is beginning to be
produced cheaply. Solar energy costs have
decreased so much that the solar industry
says they can produce energy at
competitive prices with fossil fuels [5].
Although solar energy is only used to
produce about 1.22% of the United States
electricity needs, it is still a promising
energy source [5]. Solar energy is a good
and much needed alternative to the present
reliance on fossil fuels for energy. It is a
source of energy that has been thoroughly
researched and is continually developing.
Through the use of nanotechnology, solar
cells are being revolutionized. This third
generation of solar cells is the future of
low cost and high efficiency solar energy
and will hopefully mark the end of
nonrenewable sources of energy.

CONVERTING
ELECTRONS
Solar energy can be captured in a
variety of ways, but the technology that is
most commonly used today is photovoltaic
cells.  Photovoltaic cells are the direct
conversion of light photons into electricity
at the atomic level [6]. These photovoltaic
cells were first built by Bell Labs in 1954,
where they were then used aboard space
craft as a source of power in the 1960s.
Their use in space craft helped to establish
them as a reliable technology and a
legitimate energy harvester. In the 1970s,
during the energy crisis, solar cells, more
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specifically photovoltaic solar cells, began
to gain recognition as sources of energy
production for commercial and residential
use [6]. From then on, solar cells have
been researched, developed and used as a
source of energy across the United States
and the world.

Photovoltaic describes exactly what it
does, ‘photo’ meaning light and ‘voltaic’
meaning electricity. Photovoltaic cells,
also called PV cells, utilize special
materials, called semiconductors, that have
the ability to release electrons when light
energy, or photons, hits their surface [3].
When the light energy hits the
semiconductor material, it knocks the
electrons loose from the outer shell of the
atom causing them to flow throughout the
material. In addition to the semiconducting
material, there is also an electric field
present in the cell that forces the freed
electrons to flow in a certain direction.
This flow of electrons caused by the
electric field is called a current [3]. When
metal is placed on either end of the electric
field, the current of electrons can be drawn
off the material and used as electricity for
external consumption. There are several
different types of semiconducting materials
that are used in solar cells, among them is
gallium arsenide and cadmium telluride
[6]. All of these materials are effective, but
the most commonly used is silicon.

SILICON: THE BASIS OF PV CELLS
Silicon makes a very good
semiconductor because of its unique
chemical properties. Silicon has fourteen
electrons total and four electrons in its
outer-most shell, which means that it is
always looking to fill its shell as it’s only
half full. Therefore, it likes to bond with
four nearby atoms to share electrons and
obtain a full outer shell, creating a
crystalline structure [3]. Pure silicon itself
is a poor conductor since it is difficult to
break the bonds because they are not free
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to move around, but when impurities are
added, it becomes a much better conductor.

These impurities, which are different
atoms that are purposely mixed in with the
silicon atoms, are used in silicon solar cells
over pure silicon. In silicon, two types of
impurities are used in order to optimize the
efficiency of the solar cell [3]. The first
impurity used is  phosphorous. A
phosphorous atom has five electrons in its
outer-most shell, which doesn’t allow it to
completely bond with the neighboring
silicon atoms and leaves one electron out
of place. When light energy hits this
impure material, the one ‘extra’ electron
from phosphorous is easily released, using
less energy than needed for pure silicon
[3]. The addition of impurities to a material
is called doping. When phosphorous is
added to silicon, it is called N-type doping.
This concept is illustrated in figure 1 with
the element antimony (Sh). Antimony
enhances silicon in a very similar way that
phosphorus enhances silicon.  N-type
doping is when impurities are added that
cause an increase of free electrons
compared to what the pure material could
produce, which is what occurs when
phosphorous is added to silicon [3]. Not
only is phosphorous used to enhance the
properties of silicon, but the element boron
also has the capability to enhance the
properties of silicon.

Boron is the second type of impurity
used to enhance the chemical properties of
silicon. Boron only has three electrons in
its outer-most shell, instead of four
electrons, so it has an opening that carries
a positive charge. The addition of boron to
silicon is called P-type doping. This
concept is also demonstrated in figure 1.
P-type doping creates a hole in the material
that attracts the free electrons created by
the N-type doping [3]. When the N-type
silicon materials and P-type silicon
materials come into contact with each
other an electric field forms, which is
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critical for the production of a current
through the cell.
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At the intersection point, or junction,
the electric field that is formed controls the
flow of electrons. This electric field acts as
a diode, or semiconductor device with two
terminals, which only allows the electrons
to flow in one direction, from the P-side to
the N-side. This flow of electrons creates a
current, and the electric field causes a
voltage [3]. The product of these two
things is what determines the power of the
cell and how much electricity will be
produced from it. These basic concepts of
the structure of solar cells can be used for a
variety of semiconducting materials [6].
The structure of a solar cell is depicted in
figure 2. In addition to the complex array
of conductors of the silicon solar cell, a
few more components are added to
improve the efficiency and durability of
the solar cell.

Silicon is a shiny material, which causes
it to reflect light instead of absorbing
photons. To eliminate this property, an
antireflective coating is applied to the solar
cell. This coating allows for light photons
to be absorbed into the silicon in order to
excite electrons [3]. Another external
component of a silicon photovoltaic solar
cell is the glass cover plate. This plate
protects the cell from the environmental
elements and helps to increase the lifespan
of a solar cell. These two components are
crucial to the functionality and durability
of a silicon photovoltaic solar cell [3].
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Silicon is the most commonly used type of
semiconducting material today; however it
iIs no longer the most efficient solar cell.
New technologies, such as quantum dot
solar cells, are being researched and
developed that are more efficient and cost-
effective than the traditional silicon solar
cells.

Electron and Current Flow in Solar Cells
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SOLAR DIAGRAM
NANOTECHNOLOGY IN SOLAR
CELLS

The nanotechnology of quantum dots is
being incorporated into solar cells to make
them ultra-efficient energy generators.
Nanotechnology is the concept of building
systems on the molecular scale, which are
only a few nanometers in size [9]. To give

prospective, there are one million
nanometers in  one  meter, SO
nanotechnology is created at the

microscopic scale. Quantum dots, a type of
nanotechnology, are  tiny  crystal
compounds that are a few nanometers in
size and hold several  special
semiconductor properties. These
nanoparticles, ranging in size from one
nanometer to twenty nanometers, are
typically made out of compounds such as
titanium oxide and zinc oxide [10]. There
are different ways in which quantum dots
are integrated into solar cells.

One type of quantum dot solar cell is
called dye-sensitized solar cells. Dye-
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sensitized solar cells are a low cost type of
photovoltaic cells with a different structure
that incorporates quantum dots in order to
improve the efficiency [11]. The structure
of this solar cell is very similar to that of a
silicon solar cell, but it differs in two
crucial ways. In a silicon solar cell, the
silicon acts not only as a charge producer
but as a transporter as well. In the dye-
sensitized solar cell, the quantum dot
semiconductor is only in charge of
carrying the current to the electrode. The
charges are provided by the photosensitive
dye inside the solar «cell. The
semiconductor quantum dots are typically
made out of titanium oxide or zinc oxide
[11]. A diagram of a quantum dot dye-
sensitized solar cell is depicted in figure 3.
In the figure the quantum dots are referred
to as titanium nanoparticles, they carry the
current in the cell.
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This dye-sensitized solar cell has an
efficiency of roughly eleven percent,
meaning that there is still plenty of room
for improvement [11]. The efficiency of
this cell is due to the specific combination
of the semiconducting dye and the
guantum dot. A suitable matching of
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substances that have similar qualities
allows for the buildup of electrons and
holes in two separate particles, which in
turn allows enough time to capture the
charge carriers at the surface [13]. This
process allows for a steady flow of large
quantities of charge, which leads to an
increase in the efficiency. This is only one
type of solar cell, in which quantum dot
technology is utilized. Another type of
quantum dot solar cell that holds much
promise is a structure that utilizes the
theory of multiple electron generation.

In 2011, the U.S. Department of
National Renewable Energy Laboratory
(NREL) designed a new device that
incorporated the concept of multiple
electron generation and was able to
produce very efficient cells [14]. Multiple
electron generation is when a single
absorbed photon of high energy has the
ability to release more than one electron
from the cell. This process increases the
efficiency of a solar cell because it allows
for more electrons to be produced and as a
result produces a higher current in the cell
[14]. This cell was created with a thin layer
of a nanostructured zinc oxide, with a
qguantum dot layer of lead selenide and a
thin layer of gold to act as an electrode.
This solar cell design has received
considerable attention for its quantum
efficiency of greater than one hundred
percent, which is much higher than
conventional silicon solar cells and all
other quantum dot solar cells researched
where the efficiency was closer to ten
percent [14]. The high efficiency of this
solar design comes from a combination of
the multiple electron generation concept
and the unique quantum qualities of
quantum dots.

Another  concept of solar cell
technology that employs quantum dots is
the concept of ‘energy transfer’ solar cells.
While this concept is only in the
exploratory stages at the Los Alamos
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National Laboratory, it already shows
much promise. Quantum dots have the
ability to absorb different wavelengths of
life depending on the size of the quantum
dot. In this ‘energy-transfer’ solar cell,
layers of sequentially larger quantum dots
are put in the cell [15]. The top layer,
which is also the smallest in size, absorbs a
wavelength of light and frees an electron,
or exciton. The free electron travels to the
larger quantum dot and then to the p-n
junction. At the junction, the electric field
moves the current to produce electricity.
The varying sizes of quantum dots would
absorb different wavelengths of light,
allowing for more light to be produced.
This concept is illustrated in figure 4.

‘~re 4 [15]
CONCEPT ERGY TRANSER

This process avoids charge hopping and
forces the charges on a steady path to the
junction, which increases the efficiency of
the cell [15]. While there are many ways
quantum dots can be incorporated into a
solar cell that will increase the efficiency
of the cell, quantum dots also have many
other beneficial values.

ADVANTAGES OF QUANTUM DOTS

The next generation of solar cells being
researched is focused on efficiency and
low cost with quantum dots being the
primary point of interest. Quantum dots are
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the main focus for next generation research
because of their unique quantum properties
and ability to cover both goals of the next
generation of solar cells. The quantum dots
are cost-effective in two respects. First,
they can be produced rather inexpensively
and second, they produce more energy.
They can be mass produced through high-
throughput  roll-to-roll  manufacturing,
which ends up lowering the cost of
quantum dots [14]. Through multiple
electron generation, more electricity can be
produced for every photon of light, which
leads to the contribution of cost-
effectiveness [1]. Quantum dots are not
only cost-effective, but due to their unique
qguantum properties, they are also versatile,
highly-efficient in conducting an electrical
current, and are an ethical option for the
next generation of solar cells.

EFFICIENCY

The efficiency of a solar cell is defined
as the amount of power of a solar cell
turned into electricity from the amount of
power that is received from the sun [3].
This relationship can be determined by the
equation one. [16]

_ ImpXVpyp
Npy = —F—

Psun (1)

npy 1S the solar cell power efficiency.
Imp and Ve are the current and the voltage
produced by the electric field in the solar
cell. These variables make up the power
generated by a solar cell. Py, is defined as
the power available to the solar cell from
the sun. Using this equation, the efficiency
of any kind of solar cell can be determined.
The average efficiency of a conventional
silicon solar cell is capped at around thirty-
two percent [13]. The efficiency of a
silicon solar cell is limited because of its
stationary band gap, which can be
explained through an understanding of the
electromagnetic spectrum.

The electromagnetic spectrum is the
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range of all possible wavelengths of
electromagnetic radiation, which spans
from infrared light, to the visible spectrum,
to ultra-violet light. Each wavelength
corresponds to a different amount of
energy. When photons of light of varying
energies enter a cell, a specific amount of
energy is required to excite the electron
from a static position into a position where
it can be conductive [17]. The specific
amount of energy that is required to excite
the electron is called the band gap energy.
If a photon has too much energy, the
excess energy will be lost as heat, and if
there is not enough energy, the photon
passes through without getting absorbed.
Silicon solar cells can only capture energy
from light photons from the visible
spectrum of the electromagnetic spectrum
because the silicon solar cell band gap is
rigid [3]. This contrasts one of the many
benefits of quantum dots, because quantum
dots have the ability to adjust their band
gap enabling quantum dots to absorb
varying wavelengths.

The tunable band gaps of quantum dots,
comes from their extremely small size.
Due to the special qualities that arise from
the quantum dot’s small size and quantum
physics, varying the size of the
nanoparticles, the band gap will be
adjusted. As the size of the quantum dot
decreases, there is an increase in the band
gap energy required and vice versa for
increasing size [14]. This varying band gap
enables solar cells to absorb a broader
range of light photons and as a result
utilize a broader range of the spectrum,
absorbing more energy. Furthermore, the
tunable band gap, allows more electrons to
be generated per photon of light, which is
the concept of multiple electron
generation. In a recent study done by TU
Delft, they found that in quantum dot films
exposed to photons of light, about three
and a half electrons could be produced per
photon of light absorbed [18]. The
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combination of tunable band gap and the
concept of multiple electron generation
leads to an increased efficiency in solar
cells utilizing quantum dots.

Through calculations, it has been
concluded that in theory, using quantum
dots could potentially increase the
efficiency of solar cells by forty-four
percent [18]. While this has yet to be
accurately reflected in solar cells devices
out on the market, there are great strides
that are being taken in the lab. The solar
cell device designed by the National
Renewable Energy Lab was a significant
development for next generation solar cells
because it had the ability to produce a
photocurrent  with  external quantum
efficiency greater than one hundred
percent when excited with high energy
photons [13]. External quantum efficiency
is defined as the number of electrons
flowing per second in the internal circuit of
the solar cell divided by the number of
photons per second entering the cell [14].
This ratio is determined through equation
two where IPCE% is the external quantum
efficiency variable.

A
1240 X]shortcircut( 2)
anss x 100%

A(nm) Xlincident(cmz)

IPCE% = 2

Jshorteircut 1S the photocurrent of the short
circuit within the solar cell at a monitored
wavelength, A, measured in nanometers.
The lincigent IS power from the light photon
being absorbed by the solar cell. With a
quantum efficiency of over one hundred
percent, this means that multiple electrons
were produced per photon of light,
illustrating the concept of multiple electron
generation. In many quantum dot solar cell
devices, the concept of multiple electron
generation occurs because the charges are
confined to the small volumes of the
nanoparticles. This confinement allows for
the harvesting of excess energy within the
cell, and forces the electrons to flow in the

=
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designated current [14]. This device has
yet to be applied to a commercial device,
but there is strong evidence that the
integration of these concepts could greatly
improve solar cells [14]. The efficiency of
quantum dot solar cells is one way in
which quantum dots are an appealing
option for future solar cells, but the
versatility of quantum dots also adds to the
appeal.

CONCLUSION

One major advantage of quantum dots
is the fact that they are very versatile.
Their versatility makes it easier to apply
them to a broad range of applications and
devices. Quantum dots can be molded into
a variety of different forms, including
sheets and three-dimensional arrays, in
contrast to many other semiconducting
materials [1]. In three-dimensional arrays,
the excitons, or free electrons, last longer
because the form creates a stronger
electronic coupling between the quantum
dots. In this form there is a stronger
electronic coupling due to the atoms being
closely-packed together, which leads to an
increase in the attraction between
molecules. This array allows for electricity
to be generated at high voltage and as well
as for the absorption of a single photon to
generate multiple free electrons [1].
Quantum dots can also be easily combined
with organic polymers, dyes or porous
films. In the colloidal form, or dissolved in
a solution, quantum dots can be processed
to create junctions on inexpensive plastics,
glass, or metal sheets. For example,
guantum dots can now be sprayed on
flexible surfaces such as plastics because
of their small size. These processed
quantum dots end up making the
production of solar cells less expensive [1].

Ted Sargent, a  professor of
nanotechnology at the University of
Toronto, worked closely with the project
that discovered how to shrink the wrapper
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that encapsulates quantum dots down to
the smallest size possible. He utilized
inorganic ligands, instead of organic
molecules to cap quantum dots and take up
less space [19]. The ideal design is one that
tightly packs the quantum dots because the
greater the distance between them the
lower the efficiency. The organic
molecules that have previously capped
quantum dots create a separation of the
nanoparticles by one nanometer, which is a
long distance for an electron to travel on
the nanoscale. With using the inorganic
ligands, the combination of close packing
and charge trap (the locations where
electrons get stuck) elimination enables the
electrons to travel quickly and smoothly,
which as a result makes them more
efficient [19]. In addition to the use of
inorganic ligands to bind quantum dots
together, another solar technology has
developed that illustrates the versatility of
guantum dots.

A new type of solar cell has been
researched and developed at the University
of Notre Dame called ‘solar paint’. When
the solar paint is applied to any conductive
surface, it is able to convert photons of
light into electrical currents. The paint is
made up of nanoparticles of titanium oxide
coated in a film of calcium sulfide. These
nanocompounds are then suspended in a
mixture of water and alcohol to form a
thick paste [20]. This paste, when brushed
onto the conducting material, can then
generate electricity. Its current efficiency is
at about one percent, which is well below
the efficiency of a conventional silicon
solar cell, but if it is improved could prove
to be very useful. Another benefit of this
solar paint is that it can be made cheaply
and in large quantities [20]. This concept,
although it is still in its infancy, has the
potential to be a versatile solar cell
technology, turning any large surface into
a solar cell. Not only are quantum dots
versatile in solar cell applications, but they
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can also be applied in health technologies
as well.

For example, quantum dots have been
used in probes for detection of breast
cancer. Human epidermal growth factor
receptor two detection is important for
breast cancer treatment and prognosis.
However, the current detection methods
that are used have some shortcomings. In
clinical practice “quantum dots based
probes provide a potentially important new
method for human epidermal growth factor
receptor two detection” [22]. The excellent
photo-physical properties of quantum dots
have allowed researchers to achieve
promising developments in the cancer
research field.

A quantum dot human epidermal
growth factor receptor two probe Kit,
image acquisition, and analysis software
was applied to ninety-four clinical samples
of breast cancer. As a result, the method
proved to be superior, more accurate, and
sensitive when compared to current
immunohistochemistry detection
techniques that are used in clinical breast
cancer diagnosis [22]. The exceptional
optical properties of quantum dots not only
allow accurate determination of low levels
of human epidermal growth factor receptor
two expressions, but also overcome the
limitations  associated  with  tissue
autofluorescence [22]. Quantum dots have
been shown to be beneficial in
technologies beyond energy production.

Quantum dots have the potential to
make a difference all over the world in
many different ways. Since quantum dots
are so adaptable they can be combined and
consumed in order to to make energy
efficient or create life altering technologies
that will ultimately change the world in
some way. The versatility of quantum dots,
along with the cost-effectiveness and the
improved efficiency makes this technology
an ethical option.
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