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Abstract:
The optimum band structure for both multijunction photovoltaics, where
layers of semiconductor materials are connected in series, and split junction
photovoltaic systems, consisting of a number of physically separated solar cells,
are investigated. Possible implementations of these designs are suggested, based
on design constraints such as lattice matching, use of possible substrates, and ease
of material growth, and then simulated. In order to realize these implementations,
it was required to include Tl-bearing semiconductor materials in the simulations;
this is a class of materials that has not been extensively studied, particularly for
use in photovoltaics. Incorporation of this class of materials in photovoltaics is
shown to both improve the effectiveness of some high performance cells already
studied by other groups as well as allow for new high conversion efficiency band
structures.
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Chapter 1 Introduction
One of the great problems that the modern world faces today is that of
energy consumption and production. Electrical devices have become an integral
part of our society, ranging from massive server farms located all over the world
to humble light bulbs ubiquitous in our everyday lives. To power all of these
devices requires a tremendous amount of energy. The vast majority of energy
production comes from non-renewable sources. In 2006 in the United States,
renewable energy production (including biomass, geothermal, hydroelectric,
solar, wind, etc.) was only 6.9% of total energy production[28]. Naturally, as
fossil fuel reserves are finite, there will come a point when alternative energy
sources must be our primary source of energy. If, due to economic viability of
these sources, that time comes before fossil fuels are depleted, then so much the
better.
Solar cells, also called photovoltaic cells, show great promise in meeting
the demands of world energy consumption by drawing on a virtually limitless
resource. In 2006, worldwide consumption of electrical energy was 4.98 x 1020 J
for the year, or 1.58 x 1013 W [29]. As a comparison, total solar radiation incident
on the earth is 173,000 TW (1.73 x 1017 W) [30]. This means that every 48
minutes, enough solar energy strikes Earth to power all of the electrical devices
on the planet for an entire year. While a large percentage of the incident radiation
is near impossible to collect, as it strikes deep ocean, intractable mountain ranges,
or other inhospitable locations, even a small fraction, converted to electricity,
would be sufficient to meet worldwide energy needs.
1

At this time solar cells have yet to achieve grid parity, where the cost per
unit of energy produced by photovoltaics is equal to that of more traditional
power supplies like coal, oil, and natural gas. This is due in large part to factors
such as the high cost of materials and cell manufacturing, costs which many
believe will decrease as the technology matures and becomes more prevalent.
Adaptation of solar cells may turn out to be a highly regional process, as the
amount of sunlight incident on different regions over the course of a year can vary
greatly. Optimistically, up to ten different regions of the world could achieve grid
parity by 2020, including the southwestern United States and large portions of
Spain and Italy [31].
One of the most promising types of photovoltaic cell for achieving grid
parity is the multijunction photovoltaic cell. In this cell, a number of different
layers of material are grown sequentially, creating something akin to a ‘sandwich’
of a cell. Each layer of the cell absorbs a different range of frequencies of light,
improving the overall efficiency of the cell. To offset the higher material and
manufacturing costs multijunction photovoltaics have, these devices are typically
used in conjunction with concentrating arrays, which shine light from a large area
onto a much smaller. This keeps the materials and manufacturing costs for the
cell lower.
In order for photovoltaic cells to reach their highest efficiencies, the
materials in cell must absorb ranges of wavelengths of light that are ideally
tailored to each other while still maintaining structural integrity. For the ideal
three-junction case, there are two well-known and well-characterized materials
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that can occupy two of the junctions. A complementary material for the final
junction remains unfound, and it is the intention that this thesis may help fill that
gap.

1.1 A Brief History of Photovoltaics
The physical phenomenon central to solar cells is the photovoltaic effect,
first identified by Antoine-César Becquerel in 1839. In his experiment, a solid
electrode was placed in an electrolyte solution.

When light shined on the

electrode, an electrical voltage developed. For a while, this was regarded merely
as an intellectual curiosity. It wasn’t until 1883 that this phenomenon was applied
with the intent of collecting solar energy, when Charles Fritts developed the first
photovoltaic cell. Fritts’ cell was composed by taking a sample of selenium and
coating it with a thin layer of gold. This very basic cell was capable of converting
1% of incident light energy into electrical energy [32].
The first published photovoltaic cell was developed in 1954 by Chapin,
Fuller, and Pearson at Bell Laboratories [33]. This cell, a simple p-n junction,
only managed to convert 6% of incident solar energy into electrical energy, a
meager sum by modern standards. This cell demonstrated that it was indeed
possible to convert solar energy into electrical energy. A number of practical
applications were quickly identified for this technology. One of the most notable
of these applications was use in satellites. As a power source for these devices,
solar cells have a number of distinct advantages, one of the largest being that a
chemical or material fuel was not required, drastically decreasing the weight of
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the satellites (due to a lack of fuel) while increasing their lifetime (since there is
no periodic need to refuel). These benefits led to solar cells being incorporated
into satellites as early as in the Vanguard I in 1958 [34]. Additionally, and
perhaps more importantly, it was posited that the design of this cell could be
significantly improved upon to increase its efficiency, such that more energy
could be converted from solar radiation into electricity.
From that point, photovoltaics have been the focus of intense research.
This research has produced constant advances in the field, both in terms of
improved efficiency of the cells as well as exciting and innovative new designs.
Figure 1.1 shows some of the progress that photovoltaics have made in the last 30
years. Whereas the first photocell had an efficiency of only 6%, today labs have
produced individual cells with efficiencies over 40%, a dramatic improvement
from where the technology started [35]. Despite this marked improvement, there
are still prospects for improving photovoltaic efficiency even further in each
existing technology.
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Figure 1.1: Conversion efficiency of photovoltaic cell type by year. As time has
advanced, the efficiency of each technology has gradually improved [1]. Each
improvement in efficiency brings the technology another step closer to economic
viability.
5

1.2 The Physics of Solar Cells
1.2.1 The Solar Spectrum
Light radiated by the Sun into space is composed of a range of different
wavelengths of light of various intensities.

Travelling through space, light

experiences almost no loss. Thus, the spectrum at the edge of Earth’s atmosphere
is virtually the same as that emitted by the Sun and is designated AM0, for air
mass 0. This spectrum can be seen in Figure 1.2. As the light passes through the
atmosphere, the spectrum is attenuated proportionally to the distance the light
travels through the atmosphere.

Additionally, while all wavelengths are

attenuated to some extent, some wavelengths are significantly more attenuated
than others. This inequity is due to absorption of light by the various components
of the atmosphere, such as oxygen, water vapor, ozone, et al [3].

Figure 1.2: Spectral intensity vs. wavelength of light present under different
atmospheric conditions. AM0 corresponds to outside of Earth’s atmosphere and
AM1.5 corresponds to typical atmospheric conditions at Earth’s surface [2].
The total degree of attenuation of the AM0 spectrum is determined by the total
distance the light must travel through the atmosphere. This distance can change
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depending on the angle of incidence of the Sun’s rays on the testing apparatus,
which is dependent on factors such as the location’s latitude, altitude, season, etc.
This is done with the use of known air mass referencing spectra. In this system,
the air mass spectrum, AM(m), is determined by Equation 1.1:

m=

h
ho

1.1

where h is the distance the light actually travels through the atmosphere. If the
light travelled to sea level directly perpendicular to the Earth’s surface, this would
correspond to AM1. Additionally, when h comes in at an angle of incidence of θ,
it can be rewritten as Equation 1.2:
h = ho sec θ

1.2

m = sec θ

1.3

which leaves Equation 1.3:

A visual representation of this can be seen in Figure 1.3. As a standard, most
photovoltaics are tested using the AM1.5 spectrum, shown in Figure 1.2.

Figure 1.3: An illustration of the dependence of the AM spectra on angle of
incidence of light and the distance the light travels through the atmosphere. AM0
and AM1 are included as a reference [3].

7

1.2.2 Relevant Physics of Light
In the course of this thesis, it is often more convenient to consider light in
the sense of a particle as opposed to a wave. This is done so that the interaction
of light with the individual of atoms of a semiconductor lattice is more readily
understandable. Additionally, it is more convenient to consider the energy of a
photon in terms electron-volts as opposed to Joules. With some rearranging of the
photon energy equation and combining various constants and conversion factors,
Equation 1.4 is produced:
E (eV ) ≈

1.24

λo

1.4

where λo in measured in μm [4]. In general, light in the course of this paper will
be referenced by its energy in electron-volts, as opposed to the more familiar
wavelength or frequency, for later simplicity. For reference, a comparison of
light wavelength/frequency and light energy is provided in Error! Reference
source not found..

1.2.3 The Photovoltaic and Photoelectric Effects

Both the photovoltaic and photoelectric effects are central to the operation
of a solar cell. The photovoltaic effect, first explained by Albert Einstein in 1905,
is most well-known for introducing the concept of the photon to science. For
photovoltaic cells, it has a much more direct application. In this phenomenon,
monochromatic light is shined on a sample of metal. When the frequency of light
is below a certain value intrinsic to the material, known as the work function,
incident light does not produce a current. Above the work function, incident light
8

Figure 1.4: A comparison of wavelength/frequency of light and the energy of the
photons that compose that light (in both J and eV). The wavelengths of the
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visible light spectrum are denoted by the small spectra in the upper left of the
diagram [4].
produces an electric current in the material, and this is the aspect of the
photoelectric effect photovoltaic cells make use of [6].
The photovoltaic effect is based on a slightly different, but closely related,
principle. When two materials with different electrical properties meet at an
interface, there is a distinct possibility that the electric charge will flow more
easily through one of the materials than the other. In this case, there can be a
buildup of charge near that interface, resulting in an electric potential across the
interface [36].

1.3 Semiconductor Physics and Band Theory

The interaction of light and semiconductor materials forms the basis of the
majority of this paper. In the case of many semiconductors, it is simpler to
consider the physical interactions of light with the semiconductor crystal as a
whole, as opposed to with the individual atoms of the semiconductor. From this
viewpoint, a system under consideration is generally viewed as being composed
of the lattice as a whole, carriers (electrons and holes), and any input energy
(solar, thermal, etc.).

A brief overview of semiconductor physics and band

theory, which are relied on heavily to describe the results produced in this paper,
follows.

1.3.1 Lattice Constants
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Most semiconductor materials used for photovoltaic devices have a
crystalline structure. In a crystalline structure, a three-dimensional structure of
atoms, called a unit cell, is repeated in each direction. The length of the unit cell
in each Cartesian direction is the lattice constant for that direction, with those
values not necessarily being equal. In the case of many semiconductor materials,
their lattice structure is either cubic or a cubic derivative (face-centered cubic,
body-centered cubic, hexagonal close-packed structure, diamond, etc.). In this
case, the lattice constants in each direction are approximately equal, and so are
characterized by a single lattice constant. This lattice constant describes the
average distance between two atoms in a semiconductor lattice[3].

Figure 1.5: Sample models of a) simple cubic, b) body centered cubic, and c) face
centered cubic lattice structures [3].

1.3.2 Valence and Conduction Bands

In any atom, there are a number of different, discrete energy states that
any given electron can fill. Due to the Pauli Exclusion Principle, electrons under
no external stimulation will fill the lowest available energy state not occupied by
another electron. To fill that state, the electron must have the same energy as that
state, with the outer-most group of states that contains at least one electron is
referred to as the valence states. If a material has an incomplete valence shell, in
11

general the outermost filled s- and p-orbital, it will form chemical bonds with
another material, sharing electrons to fill its valence shell [37].
In semiconductors, when a large amount of atoms bond to form a lattice,
all of the valence energy states are at approximately the same level. If the lattice
is large enough, it can be assumed that all electrons between some minimum and
maximum energy will be accepted into the valence shell of some atom in the
lattice. This region is referred to as the valence band. A similar phenomenon
occurs with the set of completely unfilled energy states with the next highest
energy, forming the conduction band. Generally, there will be some separation
between the highest energy state in the valence band and the lowest energy state
in the conduction band. This separation is called the band gap and its size varies
between materials, a crucial fact utilized in this research. Electrons which have
energies in this region cannot be captured by an atom in the lattice and so are not
allowed. Electrons with energies in this disallowed region must either gain some
energy to reach a state in the conduction band or lose some energy to reach a state
in the valence band [4]. A diagram of this is provided in Figure 1.6.

12

Figure 1.6: Electrons filling the available states in a semiconductor at an arbitrary
temperature T > 0o K. Each circle represents an available energy state and each
filled circle represents an electron [4].
1.3.3 Band Interactions

When there is no input energy to the system (i.e. at T = 0o K), all electrons
in a perfect semiconductor are contained in states in the valence band, implying
that they are shared between atoms of the semiconductor in a chemical bond.
Additionally, due to the bonds between the atoms of the semiconductor, all of the
valence states in the material are filled and all states in the conduction band are
empty. However, suppose a single electron in a semiconductor lattice absorbs a
large enough packet of energy, whether from heat, light, etc., that the chemical
bond holding it is broken and it can cross the band gap to fill a state in the
conduction band. In this case, the electron is referred to as a carrier, the energy
state the electron vacates is referred to as a hole, and the process as a whole is
referred to as carrier generation. Additionally, it is simple to see that the carrier
electron acts electrically as though it has the charge of an electron. The hole, as it
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is considered the absence of an electron, acts in the opposite manner, as though it
has an electrical charge opposite to that of an electron [7].
This reaction has a number of important consequences. First, the energy
state the excited electron previously occupied is left empty. There is a possibility
that the excited electron, after absorbing enough energy to rise into the conduction
band, will relax back into the state it just vacated, reemitting the energy it just
absorbed. The electron itself, no longer held in a chemical bond between two
adjacent atoms, is able to drift freely through the lattice. As it drifts away from its
original location, it is unable to relax to a lower energy state as there are no
unoccupied states in the valence band. There is the possibility the carrier may
collide with another electron in a state in the valence band, dislodge from its
energy state, and relax into that lower energy state, but the result of this process is
that dislodged electron replaces the carrier in the conduction band and becomes a
carrier itself in a process known as photon recycling [38].
Simultaneously, the hole also ‘moves’ through lattice, though in a
different way than the excited electron. When the electron was excited from the
valence band, it left an atom in the semiconductor lattice with an unfilled valence
shell. There is the possibility that a nearby electron in a valence energy state
between two separate atoms in the lattice will move into this vacated energy state,
in doing so leaving an empty energy state behind. In doing so, the hole is said to
‘move’ through the lattice as the process is repeated.
The only way a carrier electron in the conduction band or a hole in the
valence can be removed is if, in moving through the lattice, they come across their
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counterpart. If this occurs, the electron can relax to the lower energy state of the
hole, releasing energy in the form of light, heat, etc., in a process called
recombination. After this occurs, another burst of incident energy is required to
create another electron-hole pair [7].

1.3.4 The Kronig-Penney Model

A more in-depth examination of how electrons act in a semiconductor
lattice is necessary to explain some of phenomenon that occur. In order to do so,
the electron cannot simply be viewed as a particle, but also as wave, i.e. quantum
mechanics are required. In quantum mechanics, a particle is represented by a
wave function ψ(r,t), where r is a location in three dimensions and the magnitude
of the wave function at a given time and location is considered the probability the
particle will be at location, or probability amplitude.

The wave function is

governed by the Schrödinger Equation, which it must satisfy at all times and
locations, reproduced in Equation 1.5.
ihψ (r, t ) = −

h2
∇ψ (r, t ) + V (r, t )ψ (r, t )
2m

1.5

Here, m is the mass of the particle, h is Planck’s constant multiplied by 2π, and
V(r,t) is the external potential acting on the particle.
The Kronig-Penney model is used to solve the Schrödinger equation for an
electron in a semiconductor lattice. In this case, the external potential felt by an
electron is due to a periodic potential from the nuclei of the atoms in the
semiconductors. In the Kronig-Penney model, the actual potential experienced by
electron is approximated by an idealized potential.

To further simplify the
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problem, only one dimension is considered at first, and the solution is then
extended to three dimensions. In this approximation, V(r,t) is approximated by a
periodic potential that could best be described as a square wave. One portion of
the wave has a potential of zero and length a, representing when the electron is far
from any atomic nucleus, and the other a magnitude of Vo for a length b,
representing when the electron is close to an atomic nucleus. Additionally, the
sum of a and b should be equal to the lattice constant. A diagram of this potential
in the one-dimensional case can be found in Figure 1.7.
V(x)
Vo

b

a

x

Figure 1.7: A model of the periodic potential well utilized in the Kronig-Penney
model [5].
The solution for ψ(x) in this one dimensional case is supplied by the Bloch
Theorem, and has the form of Equation 1.6:

ψ k ( x) = e ikxϕ k ( x)

1.6

where k is the propagation vector of the wavefunction on the axis considered and
φ(x) is a periodic function associated with the periodic potential described above.
When this wavefunction is inserted into the Schrödinger equation, the following
result can be produced as in Equations 1.7-1.9:
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−

(α 2 + β 2 )
sin( aα ) sin(bβ ) + cos(aα ) cos(bβ ) = cos(ka + kb) = cos( Lk )
2αβ
2mE n
h2

1.8

2 m( E n − Vo )
h2

1.9

α2 =
β2 =

where En is the energy of the electron.

1.7

A plot of this equation, under the

simplification where the periodic potential wells are modeled as δ-functions, is
supplied in Figure 1.8 [5].
(P/αa)sin(αa) + cos(αa)

αa
Figure 1.8: An example plot of a simplification of the left hand side of the
solution to the Kronig-Penney model. Only the values for this equation valued
between +1 and -1 are valid as per the right hand side of the solution. P is an
aggregation of the variables listed above.

There are two important realizations that can be made from this equation. The
first is that cos(Lk) can only take values between -1 and 1, where has the left-hand
side of the equation can take values outside this range. When the left-hand side of
the equation takes a value outside of this accepted range, it is said to represent a
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disallowed state. These states represent the bandgaps present in the allowed
energy levels of an atom, one of which, the gap between the valence band and the
conduction band, has been mention before. The other is that the allowed energy
state of an electron is partially dependent on the propagation vector of that
electron. While this example is confined to one direction, and so one propagation
constant, when it is extended to three dimensions, there are also three associated
propagation constants which also must be satisfied. That is, each energy state not
only has a fixed energy level that is allowed, but also a fixed set of propagation
constants that also must be satisfied [5].

1.3.5 Indirect Gap vs. Direct Gap
The realization that the allowed energy states in a semiconductor only
allow certain propagation constants allow us to separate semiconductors into two
groups in terms of this research: direct bandgap and indirect bandgap materials.
For direct gap materials, the transition between the highest energy valence energy
state and the lowest energy conduction state requires no change in the propagation
vector associated with an electron. In an indirect gap material, the minimum
energy transition between the bands does require a change in the propagation
vector of the electron. The plot of the band structure of both an indirect bandgap
and a direct bandgap material can be found in Figure 1.9.
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Figure 1.9: Cross section of the E-k band structure for Si (an indirect gap
material) and GaAs (a direct gap material) in the [111] direction (left side of each
plot) and the [100] direction (right side of each plot) [4].
In direct gap materials, the interaction of electrons and photons is fairly
simple. Should the photon be of sufficient energy, the electron can absorb it and
rise into the conduction band. Since this transition requires no change in wave
vector to occur, this transition is likely to occur. In indirect materials, the process
is more complicated. There are two main methods that an electron in an indirect
gap material can reach the conduction band. In the first, an electron absorbs both
a photon and a phonon simultaneously, a particle that exists in a lattice due to
lattice vibrations which has high momentum (and so is able to alter another
particle’s wave vector) but low energy. A three-body reaction is highly unlikely
to occur, making this sort of reaction fairly rare. The other possibility is that the
electron absorbs a photon of high enough energy to raise it to the conduction band
without needing to change its wave vector.

Since the conduction band is

composed more of empty energy states than filled ones (e.g. in intrinsic
crystalline silicon, there are on the order of 1.08 x 1010 electrons/cm3 in 2.86 x
1019 states/cm3 [7]) it’s all but certain that the electron will relax to a lower energy
level in the conduction band. In doing so, it releases energy in the form of a
lower energy photon and a phonon to reach the lowest available energy state in
19

the conduction band. The release of photons represents a significant loss of
energy that was initially absorbed, and in the case of photovoltaics would
represent a significant loss in conversion efficiency. Additionally, the release of
phonons can cause increase lattice vibrations in the structure, which leads to an
increased temperature in the photovoltaic cell. Should this occur to a large extent,
it is possible to overheat the cell.

Regardless of type of material, excited

electrons will relax to the lowest unoccupied energy level in the conduction band.
Should it be excited from this state in either of the processes described above, it
would revert back to the lower energy state [7].

1.3.6 Effective Mass of Carriers
The value for the mass of an electron most commonly used, approximately
9.11 x 10-31 kg, is more precisely the mass of a free electron. When an electron is
unconfined, Equation 1.10 is used to relate the particle’s energy, momentum, and
mass.
E=

p 2 k 2h 2
=
2m
2m

1.10

In the case of a free electron, its mass is constant. This implies a very specific
relationship between the electron’s energy and wave number, i.e. that the energy
of the electron is a quadratic function with respect to the electron’s wave number.
When carrier electrons, which are confined in the lattice of a
semiconductor, are considered, the allowed energy states available are different
than when unconfined. Instead, the mass of a carrier electron in the material is
governed by Equation 1.11:
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1 d 2E
1
= *
2
2
h dk
m

1.11

where m* is the effective mass of an electron. Being mindful that, as per the
Kronig-Penney model, the energy of an electron is a rather complicated function
with respect to its wave number, it is clear to see that the mass of an electron in a
semiconductor not only is different than when unconfined, but is also no longer
constant. When the electron is in a region of the band structure that is relatively
steep, the mass of the electron will be smaller and lighter, and vice versa.
The above relationship also holds when considering the effective mass of
a hole in the semiconductor as well. As the hole is really the absence of an
electron, it is little surprise that the particle acts in a similar manner.

One

important distinction to make between the two is arises from the band that each
particle is in. The carrier electrons reside in the conduction band, and due to that
band’s curvature have positive mass. Meanwhile, the holes reside in the valence
band, and due to that band’s curvature have negative mass [6].

1.3.7 Diffusion and Drift Current Densities
There are two mechanisms through which carriers (both holes and carrier
electrons) move through a semiconductor lattice: diffusion and drift. The motion
of carriers due to each of these mechanisms gives rise to an associated current
density, i.e. a diffusion current density and a drift diffusion density, with the sum
of the two totaling the full current density through the semiconductor.

The

properties of these current densities are examined in this section.
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1.3.7.1 Diffusion Current Density
Diffusion current, as its name implies, is dependent upon the process of diffusion
that all particles experience. In diffusion, any particle, regardless of charge, mass,
or any other characteristic, has equal likelihood of moving in any direction from
where it is located.

If we consider two adjacent regions of equal size, but

different densities of a given particle an important result becomes clear. The
probability that any given particle in the high density region will move to the low
density is the same as for a particle moving from the low density region to the
high density region. Since there are a larger number of particles present in the
high density region, there will, on average, be a net movement of particles from
the high density region to the low density region. Should this particle be a charged
particle, then this net movement of particles will result in a diffusion current
density. In the case of a semiconductor, both types of carrier present have a
respective diffusion current. The value of the electron diffusion current through a
given volume of material is given by Equation 1.12:
J n ( diff ) = qDn ∇n( x, y, z )

1.12

while the hole diffusion current is given by Equation 1.13:

J p ( diff ) = −qD p ∇p ( x, y, z )

1.13

where q is the charge of an electron, Dn and Dp are the associated diffusion
coefficients for electrons and holes, respectively, and n and p are the 3dimesionsal density distributions of the electrons and holes, respectively.

1.3.7.2 Drift Current Density
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The other portion of current density that is present in a semiconductor
arises from external applied forces. As both types of carriers in a semiconductor
behave as though they have charge, negative for electrons and positive for holes,
should an electric field be applied across the semiconductor, the carriers will
move in response to it. This current, called the drift current, is defined for carrier
electrons as Equation 1.14:
J n ( drift ) = qμ n nE

1.14

J p ( drift ) = qμ p pE

1.15

and for holes as Equation 1.15:

where μn and μp are the electron and hole mobilities, respectively, n is the
concentration of electrons, p is the concentration of holes, and E is the magnitude
of the applied electric field.

The electron and hole mobilities are simply a

measurement of how quickly the carrier can move through a given material and is
usually determined experimentally for a material over a range of temperatures.
Additionally, electron and hole mobilities are not necessarily equal in magnitude,
and in fact are so only rarely[7].

1.3.8 The Fermi Level and the Fermi-Dirac Probability Function

The Fermi level is a powerful conceptual tool in understanding
complicated multijunction semiconductor devices. It is utilized the Fermi-Dirac
probability function to help determine the probability of a given energy state
being filled in a semiconductor material, provided that a state exists at that energy
level. The Fermi-Dirac probability function is defined in Equation 1.16:
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1

f (E) =
1+ e

( E−E f )

1.16
kT

where E is the energy level of an allowed state, Ef is the Fermi level, k is the
Boltzmann constant, and T is the temperature.

A plot of a Fermi-Dirac

distribution is shown in Figure 1.10. The Fermi level is chosen for a material
such that at the Fermi level the probability an electron would fill a state at that
energy level in an intrinsic semiconductor would be ½. The rest of the probability
function is the centered on this reference point. It should be noted, though, that
nearly always there is not an available energy state at the Fermi level, it is used
more as a reference level for comparison between materials.

Figure 1.10: The Fermi-Dirac probability function evaluated for a number of
different temperatures for a particular semiconductor device [5].

In a homogeneous, intrinsic material, the Fermi level will be at the
midpoint of the bandgap of the material. In a doped material, the addition of
carriers by dopant atoms changes the probability that an electron will fill a state at
a given energy level. In a n-type material, there are excess carrier electrons added
to the material, resulting in a much higher probability of higher energy states,
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such as those in the conduction band, being filled. In a p-type material, the
opposite is true, where added holes make it less likely a conduction band energy
state will be filled. In these materials, the shape of the distribution will still
follow the Fermi-Dirac probability function centered on the Fermi level, which is
constant, so to take into account the change of probability of which states are
filled the conduction and valence bands shift around the Fermi level [7], as seen
in Figure 1.12.

1.3.9 Other Intrinsic Characteristics

There are a handful of other useful characteristics of semiconductors that
are innate to each material. The vacuum energy level, Evac, is the energy level at
which an electron no longer held by an atom in the lattice, that it is a free electron.
The ionization energy, γ, of a material is the energy it takes to move an electron
from the uppermost edge of the valence band to Evac. The work function, Φ, is the
energy required to move from the Fermi level to Evac. Finally, the electron
affinity, χ, is the energy needed to move from the lower edge of the conduction
band to Evac. These characteristics are innate to a given material and will not
change based on doping or external electric field [7]. A chart illustrating these
values is shown in Figure 1.14.

1.3.10 Doping
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The semiconductors that have been discussed to this point have all been
intrinsic materials, where the lattice is composed entirely of a given material.
Besides intrinsic materials there are also doped materials, wherein specific
impurities are introduced to a semiconductor lattice.

While these impurities

comprise only a small percentage of the total lattice, they can significantly alter
the characteristics of the material.
There are two types of doping, which are typically in complementing each
other. In n-type doping, atoms of a material with an additional electron than the
substrate material are introduced to the semiconductor lattice. The dopant atom
will then form enough bonds with surrounding substrate atoms to fill its valence
shell, usually in a geometry consistent with that dictated by the substrate material.
In doing so, the dopant is generally left with an extra electron, which remains
unbonded. As all the valence shell states in the dopant material are filled by
electrons in bonds with other atoms in the lattice, this extra electron is held in an
energy state in the conduction shell of the dopant material. This electron is held
loosely enough that it can almost immediately act as a carrier electron without
requiring significant external excitation to the conduction band.
In p-type doping, the opposite is done. Atoms of a material with one
fewer electron than the substrate material are introduced to the substrate lattice.
The dopant atom will attempt to form enough bonds to fill its valence shell in a
manner consistent with the geometry of the lattice. Since the dopant atom does
not have enough electrons to form sufficient bonds to have a full valence shell in
the geometry of the lattice, the material will have an empty energy state present in
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its valence shell. This empty energy state acts as a hole would. A diagram of a
lattice of a n-type and a p-type doped material can be seen in Figure 1.11.
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Figure 1.11: Silicon lattices doped with a) an acceptor material (Boron) and b) a
donor material (Phosphorus).
Since the dopant materials will have a different band gap than the

substrate material, though usually only by a small margin, they will create an
allowed states in the forbidden region of the band structure of the lattice, as seen
in Figure 1.12. An n-type material will create an available state just below the
conduction band, whereas a p-type material will create an available state just
above the valence band. As a result of these dopant states, the minimum energy
required to move from the valence band to the conduction band would be slightly
reduced, as the carriers could move between the dopant states and then into the
valence or conduction band, as opposed to only moving between states in either
valence or conduction band [7].
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Figure 1.12: Energy states in the forbidden band of a semiconductor created by
doping with a a) n-type (donor) material and b) p-type (acceptor) material.[6]

1.3.11 p-n Heterojunctions

When a region of p-type, uniformly doped material and a region of n-type,
uniformly doped material of the same substrate come into contact, a p-n
heterojunction is formed. This structure illustrates a number of important features
of semiconductors. Each region has excess carriers of one type, electrons in ntype and holes in p-type. These carriers, due to the concentration difference
between each region, will then begin to diffuse into the opposite region, electrons
into the p-type region and holes into the n-type region. As this occurs, the carriers
will combine with the dopants in the opposite region. In doing so, the carrier will
be annihilated, but in doing so will leave a net charge on the dopant atom, positive
in an n-type material and negative in a p-type. After annihilating the opposing
carrier, the dopant atom will have a complete valence shell and because of that no
longer contributes a carrier to the semiconductor as a whole, merely acting as a
fixed charge at the interface of the two materials. The combined regions of fixed
charge are known as the space charge region.
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As the process of annihilation continues, the regions of fixed positive and
negative charges grow larger, creating an increasingly strong electric field and,
due to that field, a potential voltage. By Poisson’s equation and the functional
form of the electric field, provided in Equations 1.17 and 1.18:
dE Q (x)
=
ε
dx

E=−

dV
dx

1.17
1.18

This electric field opposes the diffusion of the carriers across the space charge
region and, once the space charge region is large enough, prevents carriers from
crossing it completely. When this occurs, the space charge region stops growing
and carriers are unable to cross into the opposite material anymore. At this point,
the region is referred to as the depletion region, as it is very unlikely to find
carriers in this region of the semiconductor, and the potential due to the electric
field across the depletion region is known as the built-in voltage, Vbi.

A

qualitative sample comparing the fields in a p-n junction is supplied in Figure
1.13.
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Figure 1.13: a) a physical diagram of a p-n junction, b) the distribution of charge,
c) the electric field across the junction, d) the voltage across the junction, and e)
the final band structure of the entire junction [7].

It should also be noted that the total positive fixed charge in the depletion region
will equal the total negative fixed charge in the depletion region once equilibrium
is reached. Should the doping concentrations on either side of the interface be
equal, then the length of positive and negative portions of the depletion regions
will be equal as well. Should this not be the case, then it follows that, since the
charges in the depletion region are fixed, the region more lightly doped would
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need to be wider than the more heavily doped region in order match the total fixed
charges in each region.
Additionally, in a p-n junction, the innate characteristics of the
semiconductor materials will remain unchanged throughout the entire material.
This includes the Fermi level, electron affinity, ionization energy, and bandgap of
the material. A complete diagram of a p-n junction can be seen in Figure 1.14 [3,
6, 7].

Figure 1.14: A diagram of a p-n junction [7]

1.3.12 Carrier Lifetime and Diffusion Length
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The carrier lifetime, τ, and diffusion length, L, for carriers in a
semiconductor are useful in understanding how well a semiconductor conducts
current.

The carrier lifetime is the average time that a carrier exists in a

semiconductor, for electrons it applies to time spent in the conduction band and
for holes time spent in the valence band. In a doped material, due to the excess of
carriers of a particular type injected to the semiconductor by doping, typically
only the minority carrier lifetime, the carrier not doped into the material, is
considered. This can vary greatly depending on the type of material used, the
purity of the material, and the doping concentration present and is typically found
experimentally for a given material, as opposed to by calculation. Values for
carrier lifetime can range from the order of milliseconds for a pure, undoped
semiconductor to the order of nanoseconds for a heavily doped material.
Additionally, direct gap materials tend to have much shorter carrier lifetimes than
indirect gap materials, as the process of relaxation of carriers in those materials is
much simpler.
Diffusion length refers to the average distance that a carrier will travel via
diffusion while it exists.

This is dependent on two properties of the

semiconductor, the carrier lifetime, described above and the diffusion coefficient,
heavily reliant on the mobility of the material. It is defined for electrons and
holes respectively as in Equation 1.19:
Ln = Dnτ n
L p = D pτ p

1.19
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It should be noted that the diffusion lengths for electrons and holes are not
necessarily equal [7].

1.3.13 III-V and II-VI Materials

While silicon is the most commonly used material in semiconductors, due
to its availability and durability, there are a number of factors (indirect bandgap,
band gap of non-optimal size, etc.) that make it a non-ideal material. This led to
the development of alternative semiconductor materials as both replacements and
supplements. The most well-known of these alternatives generally fall into either
the III-V or II-VI categories, highlighted in Figure 1.15.

Figure 1.15: The Periodic Table of Elements with groups III and V (yellow) and
II-VI (blue) materials highlighted.
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III-V materials are composed of elements from groups III and V from the
periodic table. Most common among these are the binary materials, those made
from two elements, one each from group III and group V, e.g. GaAs or InP. The
two elements share their valence electrons, three from each group III element and
five from each group V element, to form a lattice much in the same way silicon
does.
In a general sense, these materials behave as silicon does for
photovoltaics: the elements form a lattice, incident light excites electrons from the
semiconductor’s valence band to its conduction band, etc. Naturally, the specifics
of how the material behaves (indirect vs. direct band gap, size of band gap, etc.)
all depend on the materials used, but the basic premise remains the same. The
strength of III-V materials is that there are numerous possible combinations of
materials that all produce viable cells with different characteristics. This gives the
technology great flexibility in single material photovoltaics as well as, as will be
explained in detail below, multiple material photovoltaics. The materials used in
III-V materials do tend to be significantly more expensive than silicon, one
detriment to their use. Additionally, while III-V materials tend to be highly
resistant to degradation from radiation, they also tend to be more fragile in terms
of physical contact [39].
II-VI materials, composed of elements from groups II and VI (e.g. CdTe)
of the periodic table are much like III-V materials, only to more of an extreme.
As with III-V materials, there a number of different valid semiconductor materials
that can be constructed using II-VI materials, each with varying characteristics.
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Some combinations of II-VI materials, such as HgxCd1-xTe or CdxZn1-xS maintain
very similar lattice constants while spanning a wide range of bandgaps, one of the
strengths of this kind of material [40].

Also, the high optical absorption

coefficients for these materials in general means only thin films are required to
make effective photovoltaics [41]. That said, these cells face many of the same
limitations as III-V cells. Cost to make the cells can be high, as the raw materials
can be expensive and fine processing is required. Additionally, II-VI materials
are incredibly fragile to physical contact, to the point where it can be difficult to
manufacture a cell and place it in its desired location without damaging it [39].
There is also an issue concerning electrical contacts with many II-VI compounds,
as there are surprisingly few low-cost materials capable of creating an ohmic
contact with II-VI devices [40, 42].

1.3.14 Ternary and Quaternary Materials

Ternary and quaternary materials are an extension of III-V and II-VI
materials. Whereas previously only binary materials were considered (e.g. GaAs
or InP), in ternary materials semiconductors a composed of three materials. In
these materials, typically two elements from the same group are paired with
another element to form an alloy. The ratio of the materials from the same group
can vary greatly with respect to each other, however the sum of the two must be
equal to that of the remaining element in order to form a proper lattice, e.g.
GaxIn1-xAs.
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Defining the characteristics of these materials can have interesting quirks. It is
clear that, in the above example, x equals zero, the material would be
characterized as simply InAs, and similarly as GaAs when x equals one. In
between these known points, the band gap of the alloys generally fit a quadratic
curve of the form of Equation 1.20:
'
G ABC
( x) = (1 − x)G AC + xG BC − x(1 − x) D ABC

1.20

Where A, B, and C represent the alloy elements, G references the band
parameter under consideration, and D is bowing parameter determined
experimentally. The bowing parameter is usually positive, which implies that the
actual band gap is lower than the projected linear interpolation of the two known
points. A similar effect happens with the lattice constants of the alloy materials as
well [43].
Quaternary materials act much as an extension of ternary materials. For
III-V materials, they can have two kinds of compositions, one where there are two
components each from group III and group V (e.g. GaxIn1-xAsyP1-y) and the other
where one group has one component and the other has three components (e.g.
AlxGayIn1-x-yP). Regardless of which type a particular quaternary material falls
into, the ratio of materials within each group can vary while the ratio of the sum
of materials in each group should be nearly 1:1.
The expressions from material characteristics of quaternary materials
understandably become increasingly complicated from ternary materials with the
addition of another component. Additionally, each kind of quaternary material
follows a different characterization. Using the notation for ternary materials
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supplied above, the band parameters for a quaternary materials composed of two
group III and two group V materials is defined as in Equation 1.21:
''
G ABCD
( x, y ) =

'
'
'
'
x(1 − x)[(1 − y )G ABD
( x) + yG ABC
( x)] + y (1 − y )[ xG ACD
( y ) + (1 − x)G BCD
( y )]
x(1 − x) + y (1 − y )

1.21

A sample plot of one of these materials is supplied in Figure 1.16.

Figure 1.16: A plot of the band gap of In1-xGaxAsyP1-y over changing values for x
and y [8].

For quaternary materials composed of three materials from one group (B, C, and
D) and a fourth from the other (A) the band parameters are defined as in Equation
1.22 [43]:
''
G ABCD
( x, y ) =

'
'
'
xyG ABD
((1 − x − y ) 2) + y (1 − x − y )G BCD
((2 − x − 2 y ) 2) + (1 − x − y ) xG ACD
(( 2 − 2 x − y ) 2
xy + y (1 − x − y) + (1 − x − y ) x

1.22

One issue that can arise in some cases for some of these materials is that
of miscibility. In the case of some alloys, the constituent parts may not fully
intermix under typical growth conditions, leading to a final material which may
behave unexpectedly. These materials come in two degrees, slightly immiscible
and quite immiscible. In a slightly immiscible material, the constituents of the
alloy will mix at a sufficiently high temperature, occurring while the alloy is still
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solid. In quite immiscible alloys, this temperature does not occur until the alloy is
on the verge of melting, if not already melted [44].

1.3.15 Lattice Matching and Mismatch Strain

At an interface between two different materials, there are a number of
considerations that must be taken into account in order to assure the photovoltaic
cell’s effectiveness. One of the most important considerations for multijunction
photovoltaics is lattice matching. If there is any mismatch at all between the
lattice constants of the two layers, there will be strain.

Should the lattice

constants be very nearly the same, then the strain will not be sufficient to alter the
either lattice structure of the cell, which could then perform as intended. Should
there be a significant difference between the two, then the strain would be
sufficiently large to cause dislocations, defects, and other efficiency damaging
structures in the lattice of the photovoltaic cell.
At the lattice interface, the lattice mismatch, or lattice misfit, is defined as
in Equation 1.23:
Δa a − a o
=
=−f
a
a

1.23

Where ao is the lattice constant of the substrate material and a is the lattice
constant of the epitaxial layer. This misfit can be used to estimate the maximum
layer thickness an epitaxial layer can have without developing defects. This
thickness, known as the critical thickness, is defined as in Equation 1.24:
hc ≅

a
2f

1.24
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If the deposited layer of material is less than this thickness, then there will be no
defects in the material. The mismatch will only be exhibited in strain in the
crystal, as can be seen in Figure 1.17. Should an epitaxial layer be thicker than
this critical width, then the strain on the lattice will be sufficient to cause at
dislocations or worse, as can be seen in Figure 1.18. A cursory examination of
this equation shows that there isn’t a great deal of leeway in terms of difference
between lattice constants if layers of appreciable thickness must be grown. A
lattice mismatch of only 1% can limit the critical thickness of an epitaxial layer to
only a few hundred angstroms, depending on the material. A layer this thin,
regardless of material, is unusable for a photovoltaic device [45].

a)

b)

Figure 1.17: When lattice mismatching is small, the only effect is strain on the
materials, instead of defects. Both a) biaxial compressive strain (when the lattice
constant of the epitaxial layer is greater than that of the substrate layer) and b)
biaxial tensile strain (when the lattice constant is less than that of the substrate
layer) are possible.
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Figure 1.18: A sample diagram of a dislocation between two lattice mismatched
materials.

1.3.16 Lattice Defects

Dislocations, resulting from the lattice mismatch at the semiconductor
heterojunction, grain boundaries, resulting from inadequate crystal growth
conditions, and impurities, resulting from the introduction of contaminants during
the growth process, can cause significant reductions in cell conversion efficiency
in photovoltaic cells. Dislocations and grain boundaries both affect the physical
properties of a material. There have been numerous studies that have indicated
that once dislocation density in a region increases to the order of 105 per cm2,
which can correspond to a lattice mismatch of as little as .5%, cell performance
characteristics like minority carrier diffusion length can drastically decrease. The
shorter the diffusion length is, the longer it takes an individual carrier to reach the
contacts of the cell. The longer a carrier takes to reach the contact of a cell, the
higher the chance of recombination becomes. This can lead to decreases in short
circuit current, open circuit voltage, fill factor, conversion efficiency, et al.[4649].
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Impurities can negatively affect solar cell performance by adding trap
states to the cell’s band structure. Depending on the impurity, this trap state can
exist in the band gap of the material as a whole, as seen in Figure 1.19. This trap
state will facilitate what is known as Shockley-Read-Hall (SRH) recombination,
where an electron carrier in the conduction band will relax into the trap state in
the band gap, then relax into the valence band. The probability of this entire
reaction occurring is greater the probability of recombination for an electron in
the conduction band and hole in the valence band. Thus, each trap state in the cell
leads to a decrease in the total amount of carriers that are collected at the contacts
of the cell. This leads to an overall decrease in the performance of the cell in
many of the same metrics as dislocations and grain boundaries [50].
EC
ET

EV
Figure 1.19: An electron carrier in the conduction band undergoing ShockleyRead-Hall (SRH) recombination due to the existence of a trap state of energy
level, ET, existing in the material.
1.4 Current State of Photovoltaic Technologies
1.4.1 Single Crystal Silicon

The first modern semiconductor solar cell was, as mentioned previously,
first published in 1954 by Chapin, Fuller, and Pearson of Bell Laboratories. This
solar cell was nothing more elaborate than a p-n junction, specifically a thin layer
41

of p-type material on a n-type substrate, exposed to a stream of photons of a
certain energy. These photons were of sufficient energy to generate electron-hole
pairs, which led to current in the cell, and from that power. These photocells only
were able to produce a conversion efficiency of a scant 6%, a figure that would
only group them with today’s cheapest and least efficient cells, but at the time
was drastic improvement in conversion efficiency for a photovoltaic cell [33].
This cell was the forefather of the entire semiconductor photovoltaic
device field, but more specifically was the forefather of the single crystal
photovoltaic field. This subset of semiconductor photovoltaics is characterized by
having a single kind of substrate through the entire material and utilizing simple
doping materials, like simple boron or phosphorus. In general, silicon is the
chosen substrate for solar cells, due to its abundance and low cost, but this
material choice comes with a number of issues. Firstly, crystalline silicon is an
indirect bandgap material, which implies that there is a significant portion of the
energy absorbed by the cell that is lost via phonon interactions. This leads to an
absorption for crystalline silicon that is not particular strong, necessitating
significant thicker substrates (at least 100 μm for 90% absorption) to ensure all
incident sunlight is captured, increasing the costs of a cell [51-53].Secondly, the
large amounts of pure crystal silicon needed for these cells are very difficult to
grow. Initially, only Czochralski grown single crystals were of sufficient quality
and size for this application and while more methods for crystal growth have
since been developed, this problem remains a hindrance to the technology as a
whole [9]. Additionally, the band gap of silicon is not of the ideal size for a
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single photovoltaic cell exposed to the AM1.5 solar spectrum. As can be seen in
Figure 1.20, the Shockley-Queisser limit for silicon, while near the peak of the
efficiency curve for photovoltaics using a single material, is not at the highest
point of the peak.
Since the introduction of this technology, there have been consistent and
gradual improvements in the conversion efficiency of single crystal silicon cells.
These cells, while not able to compete in terms of pure conversion efficiency or
cost with the best technologies in each of those areas, strike a good balance
between cost and efficiency while having great simplicity of design.

This

simplicity will become apparent as later technologies are examined. To this point,
the highest conversion efficiency achieved by a single crystal silicon cell is well
over 24%, though in the recent few years progress in pushing this value higher
has slowed [35].

Figure 1.20: A comparison of theoretical maximum efficiency (or ShockleyQueisser limit) given a single material of a given band gap. Several well known
semiconductor materials are specifically marked on the graph, including both
crystalline and amorphous (a-) materials [9].
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1.4.2 Amorphous Silicon

Amorphous silicon lacks the lattice structure present in crystalline silicon,
much like glass lacks the crystalline structure of quartz despite the materials’
similar chemical composition. This gives the material certain advantages and
disadvantages. Amorphous silicon does not require as costly a manufacturing
process to produce, which in turn reduces the total cost of the cell. Process
temperatures tend to be significantly lower than in production of crystalline
materials, allowing the use of much less expensive substrates, including floatglass or foils made of metal or plastic [54]. Since a lattice structure need not be
maintained, films of this material are fairly flexible and have sound mechanical
integrity [55]. Additionally, the absorption coefficient of amorphous silicon is
significantly higher (upwards of 20x) than that of crystalline silicon, with layers
on the order of μm able to absorb nearly all incident light on its surface [56].
These factors make amorphous silicon a cheap and versatile photovoltaic device.
Carrier generation occurs much like in crystalline silicon, with one
noteworthy exception. Despite still being composed mainly of silicon (hydrogen
is often present in the material as well, deposited during the production process),
the effective band gap of amorphous silicon can range between ~1.55-1.8 eV,
compared to 1.1 eV for crystalline silicon. Not only is the band gap significantly
higher than crystalline silicon, there is a certain amount of flexibility that can be
used to tailor the material to the needed application [56].
These advantages do come at a price to the cells’ efficiency and durability.
The production process for amorphous silicon generally involves an RF. glow
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discharge plasma, utilizing silane (SiH4) to introduce silicon to the system.
Dopants are also typically introduced using highly hydrogenated compounds,
including biborane (B2H6) and phosphene (PH3). The end result is that most
amorphous silicon samples include a significant amount of hydrogen from the
production process. The hydrogen does nothing to aid the efficiency of solar cells
made from amorphous silicon, making its incorporation problematic [56]. Since
amorphous silicon lacks the structure of a crystalline lattice, structural
irregularities and stray bonds are significantly more frequent in amorphous
silicon. This in turn decreases carrier mobility through the material [6]. Also due
to the lack of a crystalline structure, stray band tails and defects in the material
lead to difficulty when trying to dope the material, making it nearly impossible to
dope the material to the point where the Fermi level is within 0.2-0.3 eV of either
band edge [54]. The net result of these issues is that amorphous silicon is only
capable of lower conversion efficiencies than crystalline silicon, having a record
conversion efficiency of 9.47% [57].
Degradation is also a significant issue in amorphous silicon cells. When
exposed to sunlight, a phenomenon known as the Staebler-Wronski effect occurs
in amorphous photovoltaics. Upon exposure to sunlight, even as briefly as a few
hours, photoconductivity of the material decreases noticeably, as seen in Figure
1.21. While this effect can reversed by heating the silicon to around 150oC, the
maintenance required to avoid losses from the Staebler-Wronski effect is
noteworthy [10].
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Figure 1.21: A comparison of photoconductive at varying intensities of light
before (A) and after (B) exposure to approximately four hours of 200 mW/cm2 of
light [10].

1.4.3 Dye-Sensitized Solar Cells

Dye-sensitized solar cells (DSCs) work on a slightly different principle
than conventional photovoltaics. DSCs are composed of three distinct regions,
each serving a different purpose. The central layer to the cell is the dye layer,
which is a thin layer that absorbs photons and produces carriers.

Whereas

conventional photovoltaics rely on the band structure of a crystalline or semicrystalline element or compound to produce carriers, the dye layer of DSCs utilize
complex molecules sensitive to certain regions of the solar spectrum. When these
molecules absorb photons, they generate carrier electrons which then diffuse out
of the layer. The aim is to have the carriers diffuse into the conduction band of a
semiconductor material attached to the dye, commonly TiO2 or a similar
transparent conducting oxide. This layer, as it is the topmost layer of the cell,
must also be as optically transparent as possible, implying a large band gap. Once
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the carriers diffuse into the semiconductor, they act similarly as in a traditional
photovoltaic, moving in a diffusion current until they are collected at the contact
of the cell. It should be noted that since the only carriers injected into the
semiconductor are electrons, the total current generated compared to a
conventional photovoltaic for the same number electrons collected is significantly
lower.
The third, bottommost layer of the cell is an electrolyte layer; a liquid, not
solid-state, layer whose composition can change from cell to cell. This layer
returns electrons to the dye layer, which had diffused into the semiconductor
layer, by utilizing a redox (oxidation-reduction) reaction. Electrons which have
left the electrolyte layer are then replenished from the rear contact of the cell. A
diagram of a typical DSC can be seen in Figure 1.22 [11].

Figure 1.22: A diagram of the general layout of a dye-sensitized solar cell (DSC)
[11].
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One of the earliest effective examples of this type of photovoltaic device
was first published in 1991 by Brian O’Regan and Michael Grätzel of the Swiss
Federal Institute of Technology.

Utilizing a TiO2 semiconductor layer and

iodide/tri-iodide electrolyte, this first cell was able to achieve a conversion
efficiency of 7.12% [58]. Since that cell was introduced, steady improvements
have been made. Recently, cells with conversion efficiencies over 10% have been
recorded, including a cell achieving a 10.8% conversion efficiency designed by
Chiba, et al., the highest efficiency at this time. This design, while still utilizing a
TiO2 semiconductor layer, improves upon the amount of light transmitted through
the cell compared to earlier designs [59].
Due to their structure and composition, DSCs have a unique set of
advantages and disadvantages compared to other solar cells. The main advantage
of this cell is its production cost. Since two of the active layers need not be
perfectly crystalline, production of those layers tends to be more straightforward
and cheaper than higher efficiency photovoltaics. Additionally, new dyes and
electrolytes are developed regularly, which may lead to further improvements in
conversion efficiency [11], many of which are more environmentally friendly
than the materials used in many other photovoltaic cells [60, 61]. Due to the
variety of dyes available, DSCs offer an extra design consideration based on the
incident spectrum for a given region instead of the traditional AM1.5 spectrum.
That spectrum is good average value across all regions, but it may be possible to
achieve higher efficiencies for an individual cell by tailoring it to its environment
[62]. These advantages come at a cost though, as even the most efficient DSCs
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have conversion efficiencies significantly lower than most other solid-state
photovoltaics. Since the only carriers utilized in this technology are electrons, it
is unlikely that DSCs will ever approach the effectiveness of higher efficiency
photovoltaics, with the current maximum recorded conversion efficiency at 10.4%
[63]. There are also significant durability issues in regard to DSCs. If the
durability of DSCs is significantly less than conventional photovoltaics, then it
may cancel out any benefits from it may get from its low manufacturing costs.
There are many places where this cell can degrade, the electrolyte and the dye
being prime examples. Only recently have DSCs passed the more commonplace
of the stability tests applied to solar cells and are still aiming to produce a cell that
can meet lifetime benchmark of 20 years of serviceability that is generally
accepted as the minimum lifetime acceptable for a solar cell [11]. DSCs also
have a higher sensitivity to changes in temperature than most other photovoltaic
devices, due to the incorporation of the liquid electrolytes. When exposed to
temperatures that are non-ideal, the liquid can lose a significant portion of its
efficiency, leading to a decrease in conversion efficiency [64].

1.4.4 Organic Solar Cells

Organic solar cells differ greatly in composition from inorganic cells, but
the physics governing the processes in each are surprisingly similar. Whereas in
inorganic cells the active region of the cell is generally a lattice of semiconductor
material, organic cells have active regions composed of complex organic
molecules in solution. The earliest organic cells, such as that published in 1973
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by Ghosh et al., consisted of a single layer of organic material sandwiched
between two layers of metal with different work functions. The organic material
absorbs the incident photons and generates carriers. Since the diffusion length for
electrons is so short in organic films, on the order of only 20 nm [12], these cells
exhibited woefully low conversion efficiencies, on the order of .01% or lower
[65]. Despite this, it still proved it was possible to convert solar energy to
electricity using these materials.
Later organic cells began to utilize a bilayer heterojunction structure,
where there would be two distinct layers of organic material, an example of which
can be seen in Figure 1.23. One layer would compose of electron accepting
material and the other electron donating material, very much akin to p-type and ntype materials. There is an important distinction to make between inorganic cells
and organic cells.

In inorganic cells, photons stimulate electrons into the

conduction band, directly creating electron hole pairs. Once excited, the carriers
are able to move through the conduction band to elsewhere in the lattice. In
organic cells, carrier generation requires both a donor and an acceptor material.
This process starts with a donor molecule absorbing a photon, generating an
excited electron. This electron is still bound to the donor material, so another step
is required. If the donor material is close enough to an acceptor material, again a
very small distance since the mobility of the organic materials is so low, the
excited electron can move to and excited state in the acceptor molecule,
generating a carrier pair. Since the generation process requires both donor and
acceptor molecules, the region they are generated in is limited to the thin region
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near the interface of the two layers. Carrier lifetime is significantly improved in
this design compared to the single layer design as once carriers enter the
donor/acceptor regions recombination is unlikely, dramatically improving
efficiency [12, 63].

Figure 1.23: A band structure for a bilayer heterojunction organic solar cell. It is
separated into donor (D) and acceptor (A) regions[12].

One more organic photovoltaic technology under investigation concerns
bulk heterojunctions, first developed in 1986 by a group in the Eastman Kodak
company [66]. This addresses the issue in bilayer heterojunction cells of the
generation region being limited to the interface of the regions by creating as large
of an interface between donors and acceptors as possible.

This is done by

intermixing donor and acceptor molecules through the entire active region. In this
way, the generation region is greatly widened, intending to compensate for the
increased rate of recombination of the generated carriers. Peak efficiencies for
this technology sit in the range of 5.15% [12, 63].
Organic photovoltaics, being fairly similar to dye-sensitized photovoltaics,
have similar advantages and disadvantages to that technology.

Organic

photovoltaics are intended to be cheap and simple to manufacture, flexible in use,
and provide serviceable conversion efficiencies [67]. Carrier diffusion lengths for
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these materials tend to be small, frequently less than 100 nm [68].

This

necessitates these cells being very thin, otherwise carriers will have little chance
of being extracted from the device. Like dye-sensitized cells, the conversion
efficiency of these cells is significantly less than their more efficient counterparts.
At present, organic photovoltaics typically have conversion efficiencies below
even those of DSCs, with the highest confirmed readings of only recently rising
above 5%. Additionally, organic photovoltaics face degradation issues that could
be a serious detriment to the profitability of the technology. Degradation of up
80% over 6000 hours has been recorded for some of the highest efficiency
organic photovoltaics, a rate of degradation which implies a very short lifetime
for any device utilizing the technology. The actual length of time 6000 hours of
use will last can vary depending on the conditions for an individual region (a
winter day in New England receives significantly less sun than a summer day in
Arizona), but if an average value of 5 solar hours of use per day is assumed, then
these cells are only operating at 20% of their peak efficiency after a little more
than three years of use [69].

1.4.5 Up-Conversion

A typical solar cell can only generate electrical energy from photons with
a higher energy than the band gap of the material. This leaves a large portion of
incident light unusable by any given cell. Up-conversion is used in addition to a
standard cell to utilize some of this unused portion of the solar spectrum. In upconversion, the energy from multiple low energy photons, typically two both with
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energy lower than the bandgap of the material, are used to create a single carrier
pair. This is typically done through the use of a material that creates available
intermediate states in the region of the bandgap that is normally forbidden to
photons.
There are number of different technologies that work on this basic
principle, taking advantage of different properties of the materials involved. A
comparison of the efficiencies of some of the more prevalent technologies can be
found in Figure 1.24 [13]. In energy transfer up-conversion (ETU), there exist
energy levels in the forbidden region of the band gap of the material. Once
electrons are excited to this intermediate level, there is the possibility that two
electrons, both in the intermediate states available, will interact with each other.
Should this occur, one of the electrons can absorb energy from the other, using it
to rise out of the forbidden band of the semiconductor. In two-step absorption, or
ground state absorption (GSA) and excited state absorption (ESA), again an
electron is excited to an intermediate level in the forbidden band of the
semiconductor. Instead of interacting with another excited electron, the electron
instead absorbs a second photon of sufficient energy, raising it into the conduction
band of the cell. Cooperative sensitization is fairly similar to ETU, again having
two intermediately excited electrons interact to produce a single higher energy
carrier. The difference between the two processes is that ETU occurs nearer to
resonance, and as such occurs with greater frequency. Cooperative luminescence
occurs when two intermediately excited electrons interact, but instead of
generating a high energy carrier, they instead emit a single higher energy photon.
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This photon can then generate a carrier pair in a more typical fashion. Second
harmonic generation (SHG) entails a single electron absorbing two lower energy
photons and then emitting a single higher energy photon into the system that then
generates carriers. Finally multiple absorption excitation occurs when a single
electron absorbs sufficient photons (two or more) in order to obtain sufficient
energy to cross the bandgap of the material it’s in [70].

Figure 1.24: A comparison of efficiency (η) for a) energy transfer up-conversion
(ETU) b) 2-step ground state absorption (GSE) and excited state absorption
(ESA) c) cooperative sensitation d) cooperative luminescence e) second harmonic
generation (SHG) and f) multi-photon excitation [13].

Since up-conversion utilizes low energy photons, which see the materials
typically used in solar cells as optically transparent due to their large band gaps,
up-conversion systems typically are located at the rear of solar cells as an added
layer to solar cells, next to the rear contact. By doing this, the vast majority of the
photons that actually reach the up-conversion portion of the device are those
whose energies are so low they wouldn’t normally be used by the system at all.
The up-conversion system doesn’t interfere with the normal operation of the cell,
only supplements it [13]. The use of up-conversion in photovoltaic systems
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improves the theoretical conversion efficiency limit without concentration from
30% (without up-conversion) to 37.4% (with up-conversion. As discussed below,
the maximum conversion efficiency is further improved should concentration be
used [13].
The main thrust of recent research in this area has been in finding
materials that act as efficient up-converting materials. Of particular interest of
late are compounds including rare earth ions, such as erbium, holmium,
neodymium, praseodymium, and thulium due to the fact that they emit photons in
the visible light spectrum when struck by low energy photons [71]. One example
of this technology that has drawn recent interest is a system utilizing the upconversion material NaYF4:Er3+, a rare earth compound, a concentration array,
and silicon-based solar cell. This design is estimated to produce a conversion
efficiency of upwards of 25%, most notably improving performance in the
absorption of light in the near infrared range [72, 73]. It has also been posited by
some research groups that quantum dots may be used as an up-conversion
material, capable of creating discrete energy states in the bandgap of a material.
This type of cell has shown improvement over a single junction cell, but remains
at lower conversion efficiencies than multijunction cells [74].

1.4.6 Down-Conversion

In photovoltaics, when an incident photon has more energy than the band
gap of the semiconductor, the semiconductor is still able to absorb the incident
photon. When this occurs, the excited carrier then relaxes to the lower edge of the
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conduction band.

This relaxation occurs as both lattice heating or, of more

interest for down-conversion, photon reemission and represents a significant
source of wasted energy from incident photons.
Down-conversion is very much the counterpart to up-conversion. Where
in up-conversion the energy from multiple low energy photons is used to create a
single carrier pair, in down-conversion a single high energy photon is used to
generate multiple, usually two, carrier pairs. The high energy photons used by the
down-converter must be at least twice the energy as the band gap of the
semiconductor, or the excess energy from creating a carrier pair will not be
sufficient to generate another carrier pair. One method to do this is to utilize a
material that has a bandgap significantly larger than that of the solar cell, at least
twice as large, then introduce a small amount of impurities to the downconversion layer, creating one or more intermediate states in the forbidden region
of the down-converter’s band gap. Ideally, the photons absorbed by the downconverter would have an integral multiple of the band gap energy of the
semiconductor and the impurity layers would be located such that they divided the
converter band gap into regions exactly the size of the solar cell band gaps,
avoiding wasting any energy from the incident photon, but this is not always
possible [14]. A sample diagram of a down-converter is supplied in Figure 1.25.
When the incident high-energy photon has significantly more energy than the
bandgap of the material (>3Eg), then multiple exciton generation (MEG) is
possible. In this case, instead of two carrier pairs being generated, many pairs are
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generated, the total depending on how much energy the incident particle has. To
this point, MEG remains in its conceptual stage [75].

Figure 1.25: A band diagram of an ideal down-converter system. The downconverter has a bandgap twice that of the solar cell with an impurity layer (IL) of
available states in the middle [14].

There are two main designs for utilization of down-converters. The first
utilizes a front-mounted design. As the down-converter utilizes photons of higher
energy than the rest of the solar cell, there is the possibility that the high energy
photons may be absorbed by the solar cell, leading to wasted energy. By placing
the down-converter on the front of the cell, the intention is to avoid this waste.
The other option entails a rear-mounted design. This design, while having the
potential to be very efficient, has a number of problems. For this design to work,
the portions of the cell in front of the converter must be optically transparent to
the high energy photons. This is not possible for any semiconductor photovoltaic,
and in fact is possible in only some dye-sensitized cells. Additionally, this design,
in order achieve maximum efficiency, requires a bifacial design, which makes
design and fabrication of the cell much more complicated [14].
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When a down-converter is used properly, it can lead to a significant
improvement in overall cell efficiency.

For a rear-mounted down-converter

system, a maximum theoretical efficiency of 39.63% without concentration has
been calculated. Since this system cannot use semiconductor devices, since they
are not optically transparent to high energy photons, achieving anything near this
benchmark will be difficult.

For a front-mounted down-converter system, a

maximum theoretical efficiency of 38.6% without concentration has been
calculated.

Both designs offer an improvement in maximum theoretical

efficiency without concentration, just over 30%, as can be seen in Figure 1.26
[14]. The reason this improvement is not more significant is due to the limited
number of incident photons with more than twice the energy of a bandgap for a
given semiconductor. This significantly hampers the usefulness of this technique
[76].
Similarly to upconversion, one of the main difficulties with putting this
concept into practice is finding materials that are practical to use in conjunction
with current solar cell technology.

Some groups are looking at materials

including Yb3+ and Tm3+ ions, only instead of implanted in semiconductors like in
up-conversion these ions are implanted into glass or glass-type materials [77].
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Figure 1.26: A comparison of the efficiencies of a photovoltaic system for the
Shockley-Queisser limit of a single junction cell (solid line), with a downconverter on the front surface (open squares), and with a down-converter on the
rear surface using a reflective coating (solid circles) [14].

1.4.7 Nanoparticles and Quantum Structures

Another method developed for improving overall conversion efficiency of
a photovoltaic cell involves using structures whose size are on the scale of the
wavelength of incident photons but larger than the individual atoms of a
semiconductor lattice. These structures, called nanostructures, come in many
different forms and work on a handful of different principles. The most prevalent
methods either involve a process similar to up-conversion, enabling a cell to
utilize photons it wouldn’t normally be able to use, or a method of improving the
mobility of carriers through the cell, reducing recombination in the cell and
improving the final output. Additionally, these nanostructures can be defined not
only by the methods they use, but also the dimensionality of the structure, how
many dimensions the nanostructure’s size approaches zero. This can range from
three dimensional structures, which have no dimensions on which approach zero,
to quasi-zero dimensional structures, where the structure is approaches zero size
in all spatial dimensions.
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Three dimensional nanostructures typically work by either improving the
carrier mobility of a material or increasing the probability a photon is absorbed by
the material. This is done by suspending the nanoparticles in a layer of the
device. For nanoparticles that aim to improve the mobility of a material, these
nanostructures don’t necessarily interact direct with photons, but instead interact
with carriers generated elsewhere in the cell. When a carrier is absorbed into an
energy state of a nanoparticle, it is capable moving across the length of the
nanoparticle with relative ease. Since the nanoparticles are generally much larger
than the atoms of the substrate material, this means the carrier has to change
energy states fewer times moving through the substrate. Also because of the size
of the particle, it is very difficult to introduce these materials to a semiconductor
lattice. Generally, these nanostructures are confined to organic and dye-sensitized
photovoltaic applications.

Since each change in energy state represents a

possibility of recombination, reducing the number state changes improves the
chances the carrier will avoid recombination. Also, since these structures are
three-dimensional, orientation is not significant concern, a problem with other
nanostructures. There are few nanostructures that are both three dimensional and
capable of conducting carriers efficiently. This limits fabrication options and
generally involves some fairly complicated compounds [15].
One such three dimensional nanostructure involves a branched
CdSe/polymer molecule in the shape of a ‘tetrapod’, reminiscent of a child’s jack.
A transmission electron microscopy image of a tetrapod is supplied in Figure
1.27. These nanoparticles were then suspended in solution and exposed to solar
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radiation without the benefit of a typical semiconductor device. Despite this, the
solution was still able to produce a conversion efficiency of 1.8%. This number is
promising, though problems still remain on how to implement these devices in
crystalline cells without introducing excessive strain to the lattice [15].

Figure 1.27: Transmission electron microscopy (TEM) images of a ‘tetrapod’
three dimensional nanostructure [15].

Two-dimensional nanostructures tend to work using a very different
process than three dimensional nanostructures.

Two-dimensional structures

usually utilize layers of different materials. The number of layers used can vary
between a single layer of one material sandwiched between two layers of another
to a superlattice, a lattice of lattices, of two materials, as can be seen in Figure
1.28. These materials have separate band gaps and lattice parameters. These
differences lead to a significantly altered band structure for the material as a
whole. The varying band gaps lead to an alternating sequence of peaks and
valleys in the band structure of the material, as can be seen in Figure 1.29. In the
valleys, known as quantum wells, exist a number of energy states at a lower
energy than that of the original conduction band. This allows for the utilization of
lower energy photons in a manner very similar to up-conversion described above.
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Simply, carriers can be excited by a low energy photon into the quantum well,
then excited a second time into the conduction band of the material [17, 78].

Figure 1.28: A SEM image of a superlattice of GaAs and AlGaAs [16].

Figure 1.29: A sample band structure for a photovoltaic device utilizing quantum
wells [17].

There are some additional effects that must be taken into account with this
band structure, however. Whereas in up-conversion, there were a relatively small
amount of available intermediate states available, in quantum wells there is a
comparatively larger amount of available states at varying energies. This means
that there are more energy states in which intraband reactions can occur.
Naturally, interband recombination still occurs, only now recombination in both
the well layer and the conduction band layer must be considered. One such
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process, impact ionization, occurs when a single photon generates multiple carrier
pairs, generally each pair at the lower edge of the conduction band of the well
material. These carriers can then be excited into the conduction separately. Of
more concern, however, are the relaxation processes that can occur. Auger
relaxation processes can occur, where excited carriers relax partially but remain in
the same band. This can occur not only between the various energy states in the
well, but also between states of the conduction band and the well.

These

processes represent additional lost energy in the photovoltaic system. In order for
a quantum well system to improve overall efficiency of the cell, the gain in
energy production from impact ionization and up-conversion must outweigh the
additional losses from recombination and Auger relaxation [79, 80].
Additionally, in the case of superlattices, where the separation of the well
layers becomes smaller, quantum effects can be seen. Normally, when a carrier
molecule is in a well energy level, it will tunnel a certain distance into the
forbidden region between wells. If the distance between the wells is less than that
penetration depth, then the carriers will be able to penetrate through the forbidden
region between the wells into the adjacent wells.

This leads to continuous

minibands of available states across the superlattice as opposed to localized
energy states, as can be seen in Figure 1.30. With careful spacing of the layers its
possible to adjust the spacing the energy gap between the minibands of the wells
[4]. The spacing of these minibands is generally too small to be of use in typical
photovoltaic setups, but can be useful in thermophotovoltaic devices.
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Figure 1.30: A sample band diagram illustrating the formation of minibands in a
superlattice of quantum wells [4]

There are some additional concerns which must be addressed in this type
of device. Since the device is composed of alternating layers of material, lattice
strain must be considered between materials. Should the lattice constants be too
far apart, the strain between the layers can lead to dislocations and defects in the
cell. These can act as sites for carrier recombination, which would make the cell
unusable. In fact, there are a number of criteria which should be adhered to in
quantum well cells, including limiting lattice mismatch between any interface to
within 2% in either direction and making the depth of the well as close to 0.9 eV
as possible [81]. In cases where lattice constants significantly vary, a technique
known as strain balancing is utilized. This technique involves using materials that
put opposing strains on a material (i.e. places a compressive strain one side of the
material and a tensile strain on the other). This can lead to combinations of
materials that might otherwise be infeasible due to lattice mismatch [82]. There
have been numerous theoretical investigations into the efficiency of these systems
using a number of different materials. For example, one such design utilizing
GaInP and GaAs has achieved a conversion efficiency of over 30%, a very
promising number [83].
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One-dimensional nanostructures tend to be more similar to threedimensional nanostructures than two-dimensional nanostructures, and as such
tend to be used more in organic and dye-sensitized, rather than semiconductor,
solar cells. One dimensional nanostructures, also called nanotubes, nanowires,
nanorods, et al., used to conduct carriers through a substrate after generation. Due
to their comparative size to the rest of the atoms in the lattice they are in, the
nanostructures are able to reduce the amount of energy state changes a carrier
must go through in order to reach the contacts of the cell, reducing the chances of
recombination. A sample TEM image of a one dimensional structure is provided
in Figure 1.31.

However, since these devices are only one dimensional,

directionality is very important.

When the nanoparticles are oriented

perpendicularly to the contacts, they are an effective way to reduce the mobility of
the surface. When the nanoparticles are oriented towards the sides of the cell,
lying flat, they have little effect on the cell other than taking up space [15].

Figure 1.31: A TEM image of nanorods [15]

The methods and materials used in creating and orienting these structures
vary significantly. For example, one popular material used is ZnO due to is high
carrier mobilities and long carrier lifetimes [84].

Methods for orienting

nanostructures include techniques such as vapor-solid (VS) and solution growth
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(SG), but one of particular recent interest involves vapor-liquid-solid (VLS)
growth.

In this process, first seed molecules of the nanowire material are

implanted in the substrate. A liquid solution containing a larger amount of that
material is then introduced. As the nanowire material is chosen such that the
sticking coefficient is much larger between itself than with the substrate,
nanowires begin to assemble on the locations of the seed molecules [85]. These
nanostructures tend to produce fairly low conversion efficiencies, with conversion
efficiencies under 2% fairly common [86, 87].
Decreasing even further in size are quasi-zero dimensional structures,
commonly referred to as quantum dots. A quantum dot is a highly localized
region (smaller than the deBroglie wavelength of a charge carrier) of a given
semiconductor material deposited on a semiconductor of differing material. An
example is supplied in Figure 1.32. In practice, quantum dots have a number of
similarities to quantum wells, but have additional considerations from quantum
wells that must be addressed. As was the case with quantum wells, quantum dots
create a number of energy states between the conduction and valence bands of the
substrate material.

These states can exhibit many of the same effects that

quantum wells have in terms of intraband excitation and relaxation [79, 88]
Since quantum dots are significantly smaller than the wells in size, there are
significantly fewer available intermediate states available than in quantum wells
and as such it is rare for a quantum dot to contain more than one carrier at any
given time. This leads to number of phenomena that are not present in quantum
well cells.
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Figure 1.32: A TEM image of an InAs/GaAs quantum dot [18].

A large quantity of quantum dots is typically deposited on a substrate at
once, usually in a fairly high number-density (e.g. 1010cm-2). A typical density
for deposition of quantum dots can be seen in Figure 1.33. The density of the
quantum dots on the substrate leads to the spacing between the individual dots
being fairly small, which in turn leads to the appearance of quantum effects. For
example, tunneling between quantum dots, much like tunneling between quantum
wells mentioned previously, is a distinct possibility [19].

Perhaps the most

interesting characteristic of quantum dots is that the effective bandgap of the dot
material can change vary with the size of the dot. For example, when InAs,
normal band gap of 0.38 eV, is used as a material for quantum dots, its band gap
changes from 1.071 eV for dots with a diameter of 5 nm to 0.553 eV for dots with
a diameter of 12 nm [89]. This allows for a material to be tuned to a desired
bandgap within a given range, letting it absorb that wavelength of light most
efficiently.
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Figure 1.33: A 1μm x 1μm atomic force microscope (ATM) image of InAs
quantum dots on a GaAs substrate [19].

There are a number of concerns which must be addressed in quantum dots.
As mentioned before, the small physical size of the quantum dot greatly limits the
number of available conduction states present. This can lead to an effect called
the Coulomb blockade, where a carrier present in a conduction state of the dot
prevents any other carriers from filling the rest of the dot’s conduction states in all
but the highest densities of carriers. This limiting factor can reduce the total
efficiency of a cell using quantum dots [90]. There is also considerable strain
present at the interface of any quantum dot and the surrounding material. This not
only can give rise to various strain issues at the interface, but also can influence
and alter the energy states present in the quantum dot [91].

1.4.8 Multijunction Photovoltaics and Concentrating Arrays

In the years following the invention of the earliest single crystal solar
cells, discussions about how to improve overall conversion efficiency began. One
method of great interest was that of multijunction photovoltaics. The concept for
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the technology was fairly straightforward: if a single semiconductor crystal with a
fixed band gap can convert a certain amount of solar energy into usable energy,
perhaps a series of semiconductors, each with a different band gap, could convert
a higher percentage of incident solar energy into usable energy. One of the
earliest published theoretical investigations into the idea of multijunction
photovoltaics, performed by W.P. Rahilly in 1972, suggested that this could be a
highly fruitful area of research [92]. Soon after, initials designs implementing this
idea were created with encouraging results. One of the earliest multijunction cells
implemented was that by B.L. Sater et al., published in 1973. The cells not only
demonstrated promising conversion efficiencies, but also maintained their
performance when exposed to higher concentrations of light than typical at the
Earth’s surface [93]. From this point on, multijunction photovoltaics and solar
concentration have been closely tied technologies.
From those beginnings, multijunction solar cells, typically used in
conjunction with concentration arrays have become the technology capable of
achieving the highest conversion efficiencies. Among the highest efficiency cells
recorded to date is a triple junction cell composed of Ga.35In.65P/Ga.83In.17As/Ge.
This cell achieved a conversion efficiency of 41.1% under a concentration of 454
suns. This is not only a tremendous result because of the efficiency that it
achieved, but also for what it portends.

This cell was not under high

concentration and utilized three junctions. A design utilizing more junctions
under higher concentrations could easily produce even higher efficiencies [94].
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The basic design of a multijunction photovoltaic cell remains the same
regardless of the materials used or the number of junction employed.

In a

multijunction cell, a series of semiconductor materials are stacked upon each
other in order of decreasing band gap, with the largest band gap struck by incident
sunlight first. The material absorbs photons above an energy larger than the band
gap of the material, but remains optically transparent to photons with an energy
below that level. The remaining photons then strike the next layer of the cell,
with that layer absorbing remaining photons above the band gap of the material.
The process is then repeated through all the subsequent layers of the cell. Since
each photon is absorbed by a layer with a band gap only slightly less than the
energy of the photon, there is very little wasted energy due to relaxation in the
conduction band of the materials [21].
While multijunction photovoltaics hold great promise in terms of
conversion efficiency, the complexity of the design comes with a number of
design considerations which must be accounted for. Firstly, concentration over
the cell must be as uniform as possible. Should concentration be nonuniform, a
voltage difference can voltage difference can arise parallel to the plane of the
semiconductor layers, as can be seen in Figure 1.34. This voltage is capable of
reducing the efficiency of the system as a whole [20].
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Figure 1.34: Example a solar cell under nonuniform concentration (~1000 suns).
A voltage difference of upwards of .15 V has arisen parallel to the plane of the
solar cell [20].

An additional consideration that must be made in the case of concentrating
solar cell array is that of heat management. In cases of high concentration, the
heat load on a solar cell understandably increases. Due to the material properties
of the cell, this increase in heat load can result in lower operating efficiencies,
long term degradation of the cell, and even outright cell failure. Cooling for cells
under high concentration comes in two varieties. Passive cooling, once installed,
requires no external energy source. Such cooling measures include methods like
forced air convection, use of heat sinks, and numerous others. Active cooling,
which does require and external energy source, includes methods including heat
pumps and pumped coolant systems [95].
More problematic are the other considerations. Since there are number of
different layers, each composed of a separate semiconductor material, each must
be lattice matched the other layers it contacts. Without lattice matching the
materials, defects in the cell can become prevalent enough the cell is unusable.
This constraint would not be troublesome without the other constraint which must
be considered. In order for the cell to operate most efficiently, the band gaps
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must be optimally spaced apart from each other. By doing this, the least amount
of incident solar energy is wasted. In Fig. BA2, the optimal band gaps for each
layer of n-junction cells are shown for different conditions. In short, in order to
have optimal performance, the band gaps of the materials must have particular
values, depending on the number of junctions used, which all are lattice matched.
As the number of junctions increases, the number combinations of materials (IIIV, II-VI, ternary, and quaternary) that satisfy both of these considerations
plummets [21].

Figure 1.35: The optimum band gap under conditions of high irradiance-high
temperature (HIHT), medium irradiance-high temperature (MIHT), high
irradiance-low temperature (HILT), low irradiance-low temperature (LILT), and
medium irradiance-medium temperature (MIMT) for each layer of a a) 1-junction
cell b) 2-junction cell c) 3-junction cell d) 4-junction cell and e) 5-junction cell
[21].
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Closely related to bandgap spacing is the issue current mismatch. The
bandgap spacing specified in Figure 1.35 are determined such that each junction
of the cell would generate the same amount of current, assuming all junctions had
the same absorption efficiencies.

The reason for this consideration becomes

evident if the junctions of the cell are modeled as a circuit. The individual
junctions of the cell can be considered as series connected current sources. As is
the case with series connected current sources, the maximum current that can flow
through the circuit will be limited by the junction with the smallest current, i.e.
the total current through a solar cell will be equal to the smallest current produced
by an individual junction in that cell. If the current matched condition is not met,
it is clear a significant drop in cell conversion efficiency is possible. If optimal
band gap spacing cannot be achieved, there is some recourse to minimize the
effects of current mismatch. For example, by keeping each junction as thin as
possible without affect its absorbance efficiency, the resistance of a constricting
junction can be lowered. This helps minimize the loss in current due to electrical
resistance [21, 96].
The main advantage multijunction photovoltaics have is that they are
capable of the producing the highest conversion efficiencies at present, with or
without concentration [35]. Thus, the technology has become of great interest in
applications where conversion efficiency is prized above all else.

The most

noteworthy of this kind of application is for use in space applications, such as
supplying energy to satellites, probes, etc., where every extra percent of
conversion efficiency can allow the equipment to perform more functions and
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have a longer lifetime and every ounce of weight saved makes it less expensive to
get into space [97].
While multijunction photovoltaics are on the whole more efficient than
other technologies, the cost of the materials used in the cell and the fabrication
process used in production does make these cells more expensive to produce. It is
very possible that, for cells of the same size, a low efficiency, organic cell may be
more cost effective than a high efficiency, multijunction cell. Because of the
technology’s high conversion efficiency and its effectiveness when used in
conjunction with solar concentration, a multijunction cell can have a much
smaller physical size and still remain highly effective. This keeps the costs down
for production of the cell to the point where they can be competitive with other
photovoltaic technologies. As can be seen in Figure 1.36, the cost for producing a
multijunction cell utilizing concentration is rapidly approaching the level that
would be attractive for wider production [22].

Figure 1.36: Plots of PV system cost per kWh electricity generated in a 5-year
period, as a function of cell cost per unit area, for both flat-plate (nonconcentrated) and concentrator PV systems. Current multijunction photovoltaics
have achieved conversion efficiencies of over 40% under concentration [22].
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1.4.9 Split Junction Photovoltaics

An interesting extension of multijunction photovoltaics has received some
attention recently. Split junction photovoltaics attempt to address some of the
issues present in multijunction photovoltaics, namely the requirement that all
junctions in the device must be lattice-matched. There are two main components
to a split junction photovoltaic system. First, a group of solar cells, typically two,
are used. Each cell can theoretically consist of multiple junctions, though as yet
individual cells in a system rarely contain more than two. Each junction in a cell
must be lattice matched to all other junctions in that cell, but each cell utilized
may have a different lattice constant. This leads to a significant increase in
possible material combinations for junction layers compared to multijunction
systems. Second, the system requires a device to split the incident solar spectrum,
with a different portion redirected to each cell.

This device must split the

spectrum in a particular way in order to be useful. Ideally, the device would
divide the incident spectrum on the basis of wavelength. For example, if a system
utilized a pair of solar cells, then the splitter would aim to direct all solar energy
above a certain wavelength on one cell and all solar energy below that same
energy onto the other. An example of transmission and reflection spectra of one
such device, a dichroic filter, is provided in Figure 1.37.
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Figure 1.37: Sample reflectivity (red) and transmission (black) spectra for a
dichroic filter [23].

Choosing the band gap placement for the individual junctions in a cell is a
similar process to that of multijunction cells. The main difference between the
two is that the incident spectrum is different, usually truncated, due to the splitting
device. Within a single cell, lattice constants and photocurrents must match, as is
true with any other multijunction device.
Choosing a method to actually split the spectrum and redirect sunlight
adds an additional level of design to these devices. There are a number of
methods that can achieve the desired spectral response. One method, mentioned
above, utilize dichroic filters. A dichroic filter aims to transmit all light with a
longer wavelength than the designated frequency and reflect all light with a
shorter wavelength. Another method involves utilizing a dispersive grating. This
grating disperses different frequencies of light at different angles, creating a beam
of light much akin to a rainbow. Different portions of this beam can then be
redirected onto individual cells [98-103].
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1.4.10 Tunnel Diodes

Tunnel diodes, also known as Esaki diodes, while not a photovoltaic
technology in themselves are absolutely crucial to the performance of
multijunction cells.

In an ideal multijunction cell, the band edges of the

conduction and valence bands would only rise or lower moving through the cell.
Due to the physical properties of materials commonly used for solar cells, such as
electron affinities, band gaps, etc., this very rarely happens in practical solar cells.
Generally, moving from the n-region of one junction to the p-region of the
subsequent junction will result in a potential barrier for both carrier types, as seen
in Figure 1.38. This potential barrier would stop current from flowing between
these layers, turning the cell into nothing more than useless layers of
semiconductor. In order to utilize the advantages of multijunction cells, this
problem has to be overcome, and to do this tunnel diodes are used.

Figure 1.38: Band structures like the one in a) would be ideal for multijunction
cells. Moving from left-to-right, both the conduction and valence band edges are
always lowering in energy. Much more common are band structures as seen in b),
where moving from the n-doped region of the left junction and the p-doped region
of the right junction introduces a potential barrier in both bands.
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First published about in 1958, a tunnel diode has a similar structure to that
of typical diode. Like in a traditional diode, a p-doped region is placed in contact
with an n-doped region.

Unlike a traditional diode, the doping levels are

significantly higher in tunnel diode, typically on order of 1019 cm-3 while
simultaneously employing very thin material layers, typically on the order of tens
of nanometers, both parameters required for making a successful tunnel diode.
For small forward biases, in the range tenths of volts, the tunnel diode conducts
better in the reverse direction rather than the forward direction, leading to the
atypical voltage current curve seen in Figure 1.39 [104].

Figure 1.39: An example of an I-V curve for a tunnel diode.

The mechanisms at work in a tunnel diode are quantum mechanical in
nature. When the proper voltage bias is applied to the tunnel diode, electrons in
the valence band of the n-doped region tunnel through the forbidden region into
states occupied by holes in the p-doped region. This tunneling only occurs if the
energy states are at nearly the same energy level, a sample band structure for
which is provided in Figure 1.40. If too little bias is applied, many of the energy
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states containing electrons in conduction band of the n-doped region, due to the
high doping levels, will be at the same energy level as electrons in the p-doped
valence band. Should tunneling occur, electrons moving from n-doped to pdoped region will find the majority of energy states already occupied by electrons,
preventing current flow. If too large a bias applied, then electrons in the n-doped
region will be at the same energy level as the forbidden region in the p-doped
region. Naturally, the electrons will be unable to flow into the p-doped region in
this case [24, 105, 106].

Figure 1.40: Band structure of energy states in a tunnel diode where tunnel can
occur. Grey areas are filled with electrons, white areas with holes [24].

Additional design criteria must be considered in the case of solar cells. In order to
prevent the tunnel diode from absorbing any usable sunlight, the materials used in
the tunnel diode should all have at least as large a band gap as the small junction
above it. Additionally, at the heterointerface between a layer of the tunnel diode
and one of the active p-n junctions in the solar cell, it is imperative to have a
continuous band edge. If there is a discontinuity in the band edge, carriers can
encounter a potential barrier before reaching the tunnel diode, greatly decreasing
current flow through the cell. In order to prevent band discontinuities, there are a
pair of criteria that conservatively predict whether any discontinuities will occur.
On the n-doped side, Equation 1.25 must be satisfied:
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χ n < χ n+

1.25

where χn is the electron affinity of the n-doped side of the active p-n junction and
χn+ is the electron affinity of the tunnel diode. On the p-doped side, Equation 1.26
must be satisfied:

χ P + E g , p > χ p+ + E g , p+

1.26

A band structure of a tunnel diode implemented in a solar cell is provided in
Figure 1.41 and Figure 1.42.

Figure 1.41: The band structure of a tunnel diode (center) between GaInP (left)
and GaInAs p-n junctions.
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Figure 1.42: A close-up of the band structure of the tunnel diode in Figure 1.41.
The n-side (left) follows the proper design criteria, leading to a continuous band
edge. The p-side does not, and thus has a band discontinuity.

1.4.11 Antireflective Coatings

An issue with all photovoltaic devices is reflection of light off the front of
the cell. Some of this reflection is unavoidable, such as when light strikes the
front-side contact of a cell, but ideally any light that strikes the cell material
would be absorbed by the cell and converted to usable energy. The amount of
reflection that does occur under normal incidence at a material interface is
governed by Equation 1.27.
⎛ n − n2
R = ⎜⎜ 1
⎝ n1 + n 2

⎞
⎟⎟
⎠

2

1.27

In this equation, R is the reflection coefficient, or the percentage of power of
incident light which is reflected and n1 and n2 are the indices of refraction for the
materials at the interface [4]. Unfortunately, for most solar cell materials ideal
absorption does not occur, due to the large difference in index of refraction
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between air (n≈1) and the cell material (for semiconductor materials, n≈3.5-4).
For semiconductor cells, even when using optimistic assumptions for index of
refraction for the interface material, taking n=3.5, reflection off the front of the
cell can be over 30%.
In order to reduce the reflection off the front of the cell, antireflective
coatings (ARCs) are utilized. This thin coating is deposited on top of the cell and
consists of either a single material layer or multiple layers. There are number of
different topologies of ARCs, such as index of refraction matching, single or
multilayer interference, and use of nanostructures, but for the purposes of this
thesis only the simplest method, index of refraction matching will be examined.
Interference related ARCs, due to their nature, are used for either single
wavelength or very narrow bands of wavelength applications. Since light incident
on solar cells encompass a wide range of wavelengths, these topologies are not
applicable.

Nanostrucutres are generally used to improve incident light

absorption as opposed to promoting transmission. Since there is no benefit to
having the ARC of a solar cell absorb incident light, this topology isn’t examined.
There are two main considerations for a material’s use in an indexmatching ARC: its index of refraction and band gap. The index of refraction
should be chosen to minimize the sum total reflection from both the air/ARC
interface and the ARC/semiconductor interface, which can be calculated utilizing
Equation 1.27. Similarly, when an ARC is composed of multiple layers, the
indices of individual layers should minimize the reflection from total of all the
interfaces. The band gap for any layer in the ARC should significantly larger than
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ideally band gap used in a junction of the solar cell. Ideally, the band gap would
larger than any energy photon incident on the cell, thus rendering the ARC
optically transparent to all the wavelengths of light in the solar cell. When
following these guidelines, the ARC can dramatically reduce the total reflection
from off a solar cell. Using the previous example of cell with a top junction index
of refraction of 3.5, adding a single layer ARC with an ideal index of refraction of
1.87 reduces the total reflected power from 30.9% to 18.4%. Adding a second
layer to the ARC can reduce total reflected power to 12.7% [4].

1.5 Performance Parameters and Rubrics
1.5.1 Built-in Voltage, Open Circuit Voltage, and Bias Voltage

When discussing photovoltaics, particularly semiconductor photovoltaics,
there are a number of voltages involved with similar definitions. The built-in
voltage, Vbi, as described above, characterizes the voltage difference between the
conduction and valence band levels in a p-n heterojunction. This voltage plays an
important role in determining the efficiency of a semiconductor photovoltaic cell,
and is characterized by Equation 1.28:
Vbi =

kT ⎛ N A N D
ln⎜
q ⎜⎝ ni2

⎞
⎟⎟
⎠

1.28

where k is Boltzmann’s constant, T is the lattice temperature, q is the magnitude
of electric charge, NA and ND are the doping densities of acceptors and donors,
respectively, and ni is the intrinsic carrier concentration. The intrinsic carrier
concentration is the density of carriers present in a semiconductor that are
thermally excited, and characterized by Equation 1.29:
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ni = N C N V e

− Eg

1.29

2 kT

where Eg is the material band gap and NC and NV are the available density of
states in the conduction and valence bands, respectively.

Thus, the built-in

voltage rises when the band gap increases or material doping levels increase [7].
The open circuit voltage of a photovoltaic cell is the voltage generated by
a cell when there is no load attached. It corresponds to the total voltage drop
across all of the junctions in the cell. This voltage depends heavily on the built-in
voltages of the p-n junctions in the cell, with the maximum achievable open
circuit voltage equaling the sum of the built-in voltages of the junctions in the
cell, as in Equation 1.30.
Voc =

kT ⎛ N A N D
ln⎜
q ⎜⎝ ni2

⎞
⎟⎟
⎠

1.30

As a matter of practicality, this maximum open circuit voltage is rarely realized in
a physical cell. In order to realize the maximum possible open circuit voltage,
unavoidable parasitic characteristics of the cell would have to be removed (e.g.
nonradiative recombination would have be zero). In these cases, the open circuit
voltage is more conveniently calculated by Equation 1.31:

Voc =

I photo
kT ⎛⎜
ln⎜1 +
q ⎝
I0

⎞
⎟
⎟
⎠

1.31

where Iphoto is the photogenerated current and I0 is the saturation current for a
given p-n junction [7, 105].
The bias voltage is the effective voltage produced by the photovoltaic cell
when a load is attached. As a photovoltaic cell is not an ideal voltage source, it
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does have some electrical impedance associated with it. As such, the load and the
source impedance act as a voltage divider, resulting in Equation 1.32 for the bias
voltage Vb:
Vb = Voc

ZL
ZL + ZS

1.32

where ZL is the load impedance and ZS is the source impedance. In the case where
no load is attached, the bias voltage equals of the open circuit voltage of the cell.

1.5.2 Dark Current, Photocurrent, Short Circuit Current, and Load Current

As there are many voltages with similar definitions, so too are there many
currents with similar definitions. The dark current, Idark, for a solar cell is the
current that is produced by a photovoltaic cell under no illumination. This is the
current that arises from thermally excited carriers flowing to the contacts as a
result of being propelled by the built-in voltage at the p-n interface. In the case of
a typical diode, this would simply be the diode current of the structure, defined as
in Equation 1.33:
⎛ D
Dp
I dark = qni2 A⎜ n +
⎜L N
⎝ n a Lp N d

⎞ ⎛⎜⎝ VkTb q −1 ⎞⎟⎠
⎟e
⎟
⎠

1.33

where ni is the intrinsic carrier concentration, A is the cross-sectional area of the
cell, Dn, Dp, Ln, and Lp are the diffusion constants and diffusion lengths of the nand p-doped regions respectively, Na and Nd are the acceptor and donor doping
concentrations, T is the lattice temperature, and Vb is the bias voltage [7].
Photocurrent refers the amount of current generated from an incident light
source.

In the ideal case for a single junction cell where recombination is
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neglected and the absorbance of the material is 1, photocurrent is defined as in
Equations 1.34 and 1.35:
I photo = qAφ g

φg =

1
h

fg

1 dP
df
df

∫f
0

1.34
1.35

where φg is the flux of photons incident on the cell of an energy larger than the
band gap, i.e. frequency shorter than the band gap, of the material, A is the crosssectional area of the cell, h is Planck’s constant, fg is the frequency corresponding
to the band gap of the material, and P is the incident solar power spectrum [30].
This corresponds simply to the amount of photons incident on the cell being
converted into carriers and flowing through the cell. For the more general case of
a multijunction cell, φg changes to the form of Equation 1.36:

φ g = Min{φ1 , φ 2 ,...}

1.36

Choosing the minimum current flux absorbed by any one of the layers in the cell.
The short circuit current, Isc, of the cell refers to when the terminals of the
cell are attached to a short circuit. This represents the maximum current the cell
can produce. The load current, IL, like the bias voltage, is a result of attaching a
load to a photovoltaic cell. It is defined as in Equation 1.37:
I L = I sc

Zs
Zs + ZL

1.37

with similar definitions as the bias voltage.
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1.5.3 Performance Rubrics
A key aspect of the development of photovoltaic cells is how to
characterize a cell’s performance.

The rubrics most commonly used were

developed in the early stages of photovoltaic technology as a whole, based on
silicon p-n junctions. The rubrics can best be explained in the context of a sample
J-V curve, as shown in Figure 1.43.

Figure 1.43: A comparison of a light current I-V curve and a dark current I-V
curve. On the light I-V curve the maximum power point is identified. The power
rectangle associated with that point is also illustrated in gray [25].
The points Im (current at the maximum power point), Vm (voltage at the
maximum power point), Isc, and Voc, along with the incident power on the cell
experimentally determined, Pin, are used to define the most commonly used
performance rubrics associated with photovoltaics. The first of these, the fill
factor, is defined as in Equation 1.38:
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FF ≡

I mVm
I scVoc

1.38

This rubric shows how closely the characteristic I-V curve of the cell matches that
of an ideal diode, a rectangle, by comparing the area of the maximum power
rectangle of the system to the power rectangle created by the bounds Isc and Voc of
the system. The closer this value is to unity, the more efficient the cell is. The
other, the conversion efficiency, characterizes how much usable energy is
delivered to the load of the system in comparison to incident energy, and is
defined in Equation 1.39:

η=

I mVm I LVoc FF
=
Pin
Pin

1.39

With this rubric, it is a simple matter to then calculate the cost effectiveness of a
photovoltaic cell based on this value and the cells production costs [7].

1.6 Basic Economics of Solar Cells
The criterion that may ultimately determine whether photovoltaics are
adopted is if cost per unit energy produced by a cell is comparable to that
produced by traditional energy sources (e.g. fossil fuels).

This statement,

however, may seem deceptively simple at first glance, as this cost is dependent on
a number of disparate factors. There are a number of ways the cost per unit
energy can be improved: including decreasing the cost of manufacturing a cell,
lengthening the usable lifetime of the cell, and improving the amount of usable
energy a cell produces.
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The majority of costs associated with photovoltaic cells currently are
associated with the up-front production of the modules (as opposed to
maintenance, a direct cost per unit of energy produced, etc.).

This cost is

differently allocated depending on the type of cell under consideration. For many
low- and mid-efficiency cells, like organic, polymer, and silicon cells, rely on low
cost materials. Since these cells are necessarily large and needed in significant
numbers, costs like module assembly and cell processing become much more
significant. For example, a cost analysis of producing a certain type of silicon
cell, called Basepower, suggested that just under 70% of the cost for this kind of
cell comes from module assembly and cell processing [107].
In the case of high-efficiency cells, a different constraint must be
additionally considered.

Since the materials, such as indium, tellurium, or

selenium, used in these cells can be scarcer, to the point where for some materials
the entire world’s total reserve would be insufficient to produce even a fraction of
the amount of devices needed to meet the total energy demand of the planet, the
cost of cell manufacturing is generally higher [108]. As such, high-efficiency
cells are often made in much smaller sizes, then used in conjunction with
concentrating arrays.

Even with this, a recent cost breakdown in 2009 for

multijunction photovoltaics suggested that the cell cost (not including any module
housing) for a typical multijunction photovoltaic cell accounts for approximately
one third of the total cost of the device [109].

In order for this type of

photovoltaic device to overcome this economic hurdle, the efficiency and lifetime
of the device must be significantly higher than its lower efficiency counterparts.
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1.7 Motivation for Research
The band gap spacing for triple-junction photovoltaic cells has proven
surprising difficult to satisfy in conjunction with other design parameters.
Ternary materials based off of GaAs or GaP allow for materials that are very
nearly lattice matched while coming close to the ideal band gaps suggested for the
two higher energy junctions above in Figure 1.35. A material ideally suited for
the third junction in these cells remains unknown to this point, with germanium,
with a band gap about 0.25 eV below the ideal value for the lowest junction, often
used as the least bad option for the bottom junction (e.g. the record-setting
Ga.35In.65P/Ga.83In.17As/Ge cell achieving 41.1% efficiency is evidence of this).
This difference from the ideal value represents an opportunity to develop a
material that can improve the efficiency of these cells.
It is the purpose of this thesis to verify the optical properties of the ternary
material GaTlP and determine if the material would be suitable for use as a
bottom junction material with triple-junction solar cells. To this point, a number
of groups trying to incorporate thallium into other semiconductor materials have
encountered significant difficulty in generating a coherent material [110]. There
are a number of challenges incorporating thallium into III-V alloys. One such is
the required balance of V-element pressure during growth of the material. In
order to prevent the thallium from forming bubbles on the material instead of
incorporating into it, growth must be performed under overpressure of the
category V element included in the material. V-element overpressure can also
lead to an excess of that element in the final material, which means the
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overpressure must be as small as possible [111]. Of those that have succeeded of
any incorporation at all, most have only succeeded in a thallium content
percentage of a few percent [112-114].
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Chapter 2 Materials and Methods
The aim of this chapter is twofold. First, as this thesis is heavily based on
simulations, an overview of the simulation software will be provided.

The

methods utilized by the software will be examined. Second, the methods and
equipment used to fabricate and test physical samples will be examined. While
this thesis does not include testing of samples, it is hoped that the results of this
thesis will lead to fabrication and testing of physical samples.

2.1 Synopsys Sentaurus TCAD
The Synopsys software package is utilized to perform simulations and
optimize cell designs. This package consists of a number of different modules,
each with a unique application.

The most significant of these modules are

Sentaurus Workbench, Sentaurus Structure Editor, Sentaurus Device, Inspect, and
PCM Studio. In order to run a simulation, the first four modules are utilized. To
optimize the design, the simulation results are then fed into last module.

2.1.1 Sentaurus Workbench
Sentaurus Workbench is the graphical user interface of the software
package, aiding in organizing a long series of simulations. Workbench allows the
other modules to be called sequentially, automatically transferring the output from
one module to the input of the next. Variables (e.g. doping concentrations, layer
thicknesses, contact widths, etc.) are defined and incorporated into subsequent
modules, with each combination of variable values resulting in a new simulation
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(e.g. if there are three variables each with three values, there would be twentyseven total simulations). In the case of a large number of parameters under
investigation, this can result in long simulation times. In order to decrease the
number of simulations required, an optimization is performed using PCM Studio.
Should any output metric be defined and calculated in other modules, such as fill
factor or conversion efficiency of a photovoltaic cell, they will be displayed in
Workbench as well.

2.1.2 Sentaurus Structure Editor
Sentaurus Structure Editor characterizes the physical structure for a single
instance of a device. Structures can be constructed in three dimensions, however,
if the device has sufficient symmetry, as in photovoltaic cells, it is sufficient
simulate in two dimensions saving system memory. In Structure Editor, each
instance of a structure has material layer dimensions (width and height), doping
profiles and concentrations, material characteristics (Si, GaAs, etc.), and electrical
contacts defined.

These properties allow the device to interact with other

structures or the environment.
Following design of the device, it must then be meshed. Meshing is where
each material layer of a device is divided into a number of smaller regions. The
mesh can be defined by the user, allowing for more precise control of ensuing
calculation. Large mesh regions allow for faster calculation of simulation results,
but small mesh regions allow for more precise results, which is especially
important in areas of particular interest (e.g. material interfaces, in the immediate
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area of a small structure of interest, etc.). In general, for any uninterrupted area of
a single material large mesh regions are sufficient. For thin material thicknesses
or small features, a smaller mesh region is required. A sample of a plot generated
by the Structure Editor is provided in Figure 2.1.

Figure 2.1: A sample output from Sentaurus Structure Editor, showing the
physical structure of a single junction photovoltaic cell.

2.1.3 Sentaurus Device
Whereas in the Structure Editor a device is constructed, in Sentaurus
Device the device is simulated. Sentaurus Device imports a mesh, such as the
output from the Structure Editor, and runs a simulation which includes external
factors (incident spectrum of light, bias voltage, etc.) and internal factors (optical
generation of carriers, recombination rates, band bending, etc.). The mesh of the
device is simulated in large part using the Transfer Matrix Method (TMM),
Formatted: Highlight

further explained in section 2.x.3.1. The simulation results are saved to a number
of data files, which can be analyzed using other modules in the software package.
For all simulations, the incident spectrum was a standardized AM1.5d
spectrum. Bias voltage was swept from 0V to a voltage larger than the open
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circuit voltage. It should be noted that Sentaurus Device does not calculate device
metrics such as fill factor or conversion efficiency. Rather, Sentaurus Device
accumulates simulation data which can be used to calculate those metrics.

2.1.3.1 Transfer Matrix Method
The most intensive calculations in Sentaurus Device are carried out using
the Transfer Matrix Method. The Transfer Matrix Method separates a large,
complex structure into smaller, simpler pieces. For most applications, different
portions of a photovoltaic cell are characterized by different materials. When
determining region divisions, each region must be homogeneous, isotropic and
optically linear throughout. An example of allowed and prohibited regions is
shown in Figure 2.2.

a)

b)

Figure 2.2: In each image, a region (box outline) is defined near the interface of
two different homogeneous materials (yellow and green boxes). The region in a)
is allowed, as the region is composed of a single, homogeneous material. The
region in b) is prohibited, as the region contains the interface of two materials.
Each region has an associated characteristic transfer matrix. Much like transfer
functions utilized frequently in circuit design, these matrices can be combined to
illustrate features of the cell, such as regions of homogeneity or material
interfaces. They can also be adapted to take into account the characteristics of
those features (e.g. varying material index of refraction or curvature of interface).
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The difference between transfer functions and transfer matrices is that functions
only act on a single characteristic, whereas matrices can act on many
characteristics at once.
The transfer matrices utilized in Synopsys are remarkably complex and
capable of calculations in three dimensions for numerous parameters. As a means
of illustration, a simplified calculation will be presented. This calculation is to
illustrate the Transfer Matrix Method, and should not be taken as the extent of the
calculations performed by the software package.
Consider the case of a monochromatic beam of light incident upon a single
layer of a flat, perpendicular photovoltaic cell in one dimension. The beam of
light can be represented as a superposition of leftward and rightward travelling
waves as in Equation 1.1:
E ( x) = E r e ikx + El e − ikx

2.1

where E(x) is the magnitude of the electric field at a given point x, Er and El are
respectively the magnitude of the electric field of the rightward and leftward
travelling waves, i is the imaginary unit, and k the wave number for the beam.
Additionally, the spatial derivative of this beam of light is represented as in
Equation 2.2:
E ' ( x) =

dE
= ikE r e ikx − ikEl e −ikx
dx

2.2

To determine the values for E(x+L) and E’(x+L), the magnitude of these functions
a distance L away from point x, the following matrix, shown in Equation 2.3, can
be used:
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sin( kL) ⎤
⎡
cos(kL)
M =⎢
k ⎥
⎢− k sin( kL) cos(kL)⎥
⎣
⎦

2.3

and the calculation to determine E(x+L) and E’(x+L) is performed in Equation
2.4:

⎡ E ( x + L) ⎤
⎡ E ( x) ⎤
⎢ E ' ( x + L) ⎥ = M ⎢ E ' ( x) ⎥
⎣
⎦
⎣
⎦

2.4

Further, the equation can be generalized by substituting Mtotal for M, where Mtotal
is shown in Equation 2.5:
M total = M N ⋅ ... ⋅ M 2 ⋅ M 1

2.5

Here, M1 represents the first feature the beam of light strikes and MN represents
the last [4].
In a TMM program, the input to the combination of transfer matrices is a
collection of monochromatic plane waves of varying magnitudes with arbitrary
angles of incidence and polarization states. The output from each matrix contains
the same elements, varying in magnitude due to the transfer matrix.

Each

characteristic under investigation (such as incorporating all three dimensions,
separating electric field into normal and perpendicular components, including the
magnetic field, including angles of incidence in three dimensions, using a
spectrum instead of monochromatic light, and many others), quickly increases the
size and complexity of each transfer matrix. Computer software is necessary to
carry out these calculations especially in the case of large, complex structures and
numerous variables.
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2.1.4 Inspect

Inspect utilizes raw data from the Sentaurus Device module, performs a
few simple calculations, and then graphs the results.

These plots can be

composed of any variables or results specified during the simulation in Device.
Additionally, Inspect can perform simple mathematical operations such as
multiplying voltage and current to get power. This feature of Inspect is used to
produce plots of I-V and P-V curves for various simulated photovoltaic cells. A
sample of the plots produced is shown in Figure 2.3.

Figure 2.3: A sample of the plots produced by Inspect, utilizing data imported
from a Sentaurus Device simulation of a solar cell.

Inspect can also be used to extract individual results from simulations performed
in Sentaurus device. These results include short circuit current density, open
circuit voltage, or the maximum power point (perhaps the most useful in the case
of photovoltaics).

Once the maximum power point is identified, the fill factor

and conversion efficiency can be calculated for any simulated conditions.
98

2.1.4 Tecplot

Tecplot also takes raw data from the Sentaurus device module, but does so
in a different fashion than Inspect. Whereas Inspect is used to generate simple
plots between a handful of circuit parameters (e.g. contact voltages, current
values, etc.), Tecplot is used to generate spatial plots of a structure. These plots
can be used to determine current and carrier densities, the rate of optical
generation, and various other parameters throughout the entire cell. The program
can also be adapted to look at various cell parameters along a 1-D strip of a cell.
This feature was used to take a cross-section of cells investigated, from which a
band diagram for the cell is produced. A sample of the plots produced is shown
in Figure 2.4.

Figure 2.4: A sample of plots generated by Tecplot. On the left is a spatial plot
of a single junction solar cell. On the right is the band structure of the cell, taken
along a 1-D strip on the far left of the cell.
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2.2 Fabrication Equipment and Deposition Methods
2.2.1 Molecular Beam Epitaxy

Molecular beam epitaxy (MBE) is a process used to grow highly pure
layers of crystalline semiconductor material. The main growth chamber of the
MBE system is kept at an ultrahigh vacuum on the order 10-11 Torr and is capable
of growth temperatures up to 800oC. Vacuum this high must be maintained in
order to ensure as few impurities as possible are introduced to a sample during the
long growth process. In addition to the main chamber, there are a number of
additional source chambers, each containing an elemental material source. These
source chambers are also kept under this ultrahigh vacuum and separated from the
main growth chamber by a shutter. Growth is accomplished by opening the
shutter or shutters between the desired growth material or materials. Should only
one source be in use, the growth will naturally be of that material only. Should
multiple sources be in use, then the composition of the material will depend
greatly on the relative deposition speeds of the materials. These shutters allow for
sharply defined material profiles during crystal growth.
Deposition rate in an MBE system is typically slow, on the order of 1
μm/hr, but it does offer some advantages in terms of crystal growth. MBE
systems are capable of growth of crystalline layer thickness as thin as an atomic
monolayer. Additionally, since the rate of growth is so slow, it allows for careful
monitoring of growth conditions in situ. Particularly in cases of ternary materials,
where relative deposition rates are just as important as absolute deposition rates,
this ability is invaluable. The tradeoff in MBE systems is between achieving the
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highest quality crystalline films and the slow, complicated, and expensive
processing required to accomplishing those films.

2.2.2 Photolithography

Photolithography is used to discriminately deposit layers of material on a
sample. A common example in the case of photovoltaics would be deposition of
the top contact of a cell. This contact generally includes a region of gold along
the perimeter of the cell as well as narrow ‘fingers’ which run along the active
face of the cell. Most deposition methods are incapable of depositing layers with
any sort of lateral precision, so photolithography is used to deposit a layer of
material before a precision deposition which is later removed from sample after
deposition is complete. It is the intention for this section to describe a general
photolithographic process.
Photolithography in the broadest sense is performed in seven steps. First,
the sample is cleaned of any impurities that may have formed on the sample
surface.

For epi-ready samples with low amounts of surface impurities, the

general wafer preparation consists of a series of acetone, isopropanol, and
deionized water baths followed by a post-bath bake to remove any remaining
moisture. In the case of heavier coverage of surface impurity, additional cleaning
methods may be required. HMDS primer spun for 30 sec at 5000 rpm followed
by a 30 sec bake at 115oC. Photoresist (e.g. polymethylmethacrylate (PMMA))
and, if required to improve adhesion of the photoresist to the sample surface,
primer is deposited on the sample. Both are typically deposited onto the sample
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utilizing a spinner; the exact procedure (spin speed, spin duration, ramp up,
amount of resist used) depending heavily on the process performed. Third, the
sample is placed in a mask aligner (e.g. OAI 204IR Aligner), seen in Figure 2.5,
holding the sample in place under an ultraviolet radiation source calibrated to 20
mW/cm2 at the I-line of a mercury lamp (365.4 nm). A mask is placed on the
surface of the sample, which is patterned, to selectively expose regions of the
sample to the UV radiation. This mask can be made out of any UV absorbing
material, but there a number of materials that have become standards for this use,
such as chromium. Fourth, the sample is exposed to UV radiation, the duration of
which is determined by the chemistry of the photoresist used. When photoresist is
exposed to UV radiation, it undergoes a chemical change, separating the
photoresist into regions of exposure and non-exposure. Which region is then
removed, the exposed or non-exposed, depends on whether the photoresist used
was positive or negative. When a positive resist is used (e.g. Shiply 1813), the
exposed resist is rendered soluble to additional chemical processes, which can be
utilized to remove the photoresist on the exposed regions of the sample. For
negative resists (e.g. SU-8), the opposite is true. Exposure to UV light renders the
photoresist insoluble and unexposed regions can be removed with a chemical
solvent.
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Figure 2.5: An image of the OAI 204IR Mask Aligner.

Following UV exposure, the photoresist is developed.

During

development, part of the photoresist (the exposed portion in with positive
photoresists, the unexposed with negative) is removed. In some processes, a short
O2-RIE (reactive ion etch) may be used to ‘descum’ the sample, removing excess
photoresist, but this is not required in all cases.

This leaves a selectively

deposited layer of photoresist on the sample. The sample can then be used in a
number of deposition techniques, such as sputtering or evaporation. Following
deposition, the remaining photoresist is removed from the sample in a process
called lift off, generally a more vigorous removal process than used during
development. In the case of particularly thick layers of the deposited material,
sonication may be necessary to assist with lift off.

The end result is the selective

deposition of a material on the sample [115].
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2.2.3 Rapid Thermal Annealing

Rapid Thermal Annealing (RTA) is typically used during the later stages
of cell processing when an annealing step is required, for example in the creation
of ohmic contacts. RTA systems are typically capable of raising temperature by as
much as 30o C/sec up to temperatures reaching as high as 1300o C, with individual
anneals lasting two minutes or less at maximum temperature. One of the strengths
of RTA is that it can be used even features of the sample may be altered or
damaged from prolonged exposure to high temperature (e.g. a doping profile in a
region of a sample may diffuse a sufficient amount to alter the performance of a
sample under a high enough heat load). In these cases, RTA can perform an
anneal to satisfy the fabrication procedure without damaging other structures of
the sample.

2.2.4 Ion Beam Deposition

Ion beam deposition, also known as sputtering, is a popular method for
depositing high purity films on a sample. The greatest advantage of this system is
the wide range of materials that can be deposited. This is due to the fact that the
tool is based primarily not on a chemical process, but instead a physical one. The
ion beam sputtering system operates by first igniting a DC argon plasma. The
argon plasma generates free electrons and positive argon ions, which are essential
to the operation of the tool. On the periphery of the plasma is a pair of gratings.
The first grating (known as the accelerator) is held at a variable negative potential
and acts to accelerate positive argon ions to and then through the grating toward
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the neutralizer.

The neutralizer generates a cloud of electrons such that the

majority of the accelerated positive ions are insulated from the accelerator,
maintaining the momentum gained from passing through the negative potential.
The possibility remains that neutralizer may not shield all of the accelerated ions
from the accelerator, resulting with the occasional high energy ion impacting with
the accelerator. To prevent the damage this would cause, a second grating is
positioned between the neutralizer and the accelerator and held at a floating
potential. Any ions that would impact the accelerator would then instead impact
this protecting grating. The ions accelerated by the accelerator and neutralized by
the neutralizer strike a target composed of the material to be deposited. The
kinetic energy of the argon ions striking the target ejects atoms of the target
material. This material then accumulates on any exposed surface in the chamber.
This includes both on the sample, forming a thin and highly uniform film, as well
as on chamber side walls.
The conditions used for the tool are generally amenable to most materials.
The argon gas used to generate the plasma is chemically non-reactive with most
materials, so there is little chance of unintended chemical reactions. Since the
target material is ejected due to kinetic energy, nearly any material can be used as
a target and sputtered, allowing for great versatility. The process also generally
runs in a low vacuum. There are some disadvantages to using this type of system,
though. Should the argon ions impact the deposited material at too high of an
energy, a lower quality film will result.
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2.3 IV-Station

The Oriel IV-Station is used in the course of this research to evaluate the
performance of individual photovoltaic cells using a variety of metrics, including
examples such as fill factor, short circuit current, open circuit voltage, and others
described in the introduciton. This apparatus offers a variety of advantages as
compared to a solar concentrator which utilizes the sun as a radiation source.
Ultimately, testing solar cells under actual solar radiation is the most accurate
representation of what they would encounter in practical application, however
there are a number of issues that make such testing unreliable. Solar radiation
intensity on a given day can rely on a number of variables, including location on
the globe, time of the year, and weather conditions [116-118].

Weather

considerations must be taken into account in regard to the durability of the
photovoltaic cells being research, which often lack weatherproof packaging and
can be very delicate. Additionally, it can very difficult to accurately measure the
exact amount of incident sunlight incident on the cell, increasing the error in any
performance metric calculated.
The IV-Station provides a method circumventing those concerns while
providing an incident spectrum nearly identical to that of the sun. The station is
composed of a number of different devices, namely the solar simulator, a holding
station, a reference cell, a sourcemeter, a series of ND filters, and the appropriate
computer software to accumulate and process data. These devices work in unison
to create an accurate incident spectrum. The other components of this station are
detailed below.
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2.3.1 Solar Simulator

The central component of this station is the solar simulator, which
generates, collimates, focuses, and orients the light onto the photovoltaic cell.
The solar simulator utilizes a 1600 W Xe lamp, powered by a stand-alone power
supply, to generate solar energy. The light generated by the lamp is collected by
an assortment of optics and reoriented through a filter. This filter is matched to
the output spectrum of the Xe lamp such that the resulting spectrum closely
resembles the AM1.5 solar spectrum, under concentration. The light is then
redirected by another series of optics out of the solar simulator in a 4” x 4” square
onto the holding station at an intensity that is typically in the range of 10-12 suns.
An image of the solar simulator is shown in Figure 2.6.

Figure 2.6: An image of the solar simulator.

2.3.2 Test Area and Probing Stations

The holding station is comprised of two separate portions on a sliding rail
system. The first portion consists of an open test area with a temperature diode
and a vacuum port in the center. The temperature diode is used in conjunction
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with the thermoelectric chiller described in Section 2.1.5 to maintain a stable
operating temperature during experimentation. The vacuum port is connected to a
vacuum pump, which is used to keep the cell in the same position in the test area.
The other portion consists of a reference cell, described in Section 2.1.3. These
two portions of the station are located on a single plate which can be slid along a
pair of rails and then secured such that only one of the two is under illumination
from the solar simulator at any given time.
In order to make electrical contact to a cell, a pair of probing stations is
used. Each station is positioned on an attachment to the test area, mounted using
magnets to maintain stability. Each probe ends with a narrow-tip needle, which is
used to make contact with a sample, which can then transfer information to the
source meter. The probe tip is capable of minute adjustments in three dimensions
utilizing a pair of joints, one joint for directions parallel to the plane of the sample
and one for the direction perpendicular to plane of the sample. Two probe
stations are utilized to make electrical contact with both the front and back
contacts of the cell. An image of the test area and the probe station is show in
Figure 2.7.

Figure 2.7: An image of the test area and probe stations.
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2.3.3 Reference Cell

Slight variations in environmental conditions will cause the solar
simulator to produce marginally different light intensities from experiment to
experiment. To account for this, a reference cell is utilized to determine the
precise solar intensity at the time of the experiment.

The reference cell,

composed of a 2 cm x 2 cm silicon monocrystalline silicon photovoltaic cell
housed in aluminum housing, is capable of accurately measuring solar intensities
in the range of 0.1-3.5 suns with a 0.2% error and a resolution of 0.001 suns.
Above 3.5 suns, not only is the reference cell unable to take readings, but
prolonged exposure can damage the equipment.
It should be noted that the maximum allowable intensity for the reference
cell is approximately 3.5 suns, while the solar simulator produces an intensity
upwards of 12 suns. A number of neutral density (ND) filters are used to prevent
damage to the reference cell.

These filters allow approximately the same

percentage of light through at all frequencies, that percentage being determined by
their optical density (OD), with individual filters having transmittances ranging
from as high as .9+ to as low as .001, reflecting all other incident light. This
provides a degree of flexibility in determining the concentration of the solar
spectrum incident on a sample. The ND filters are placed in spring-loaded filter
holders and held in the path of illumination from the solar simulator over the
reference cell, reducing the intensity of light incident on the cell to a level where
the reference cell can make an accurate reading. Since the transmittance of each
filter can be determined by its optical density, this reading can be used to
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determine what the intensity of the solar simulator radiation is precisely. While
the primary purpose of these filters is to reduce the intensity of light on the
reference cell, they can also be utilized to adjust the intensity of light incident on
the photovoltaic cell being examined. Should lower intensity illumination be
required, either out of concern of the fragility of the cell or to test under a variety
of conditions, a ND filter may be used to reduce the intensity of incident sunlight
generated from the solar simulator’s standard level to a more satisfactory level.
An image of the reference cell is shown in Figure 2.8

Figure 2.8: An image of the reference cell.

2.3.4 Thermoelectric Chiller

Due to the high intensity of light emitted by the solar simulator, the
temperature of a PV cell can rapidly climb.

To prevent overheating, a

thermoelectric chiller is connected to the test area by plastic tubing and is then
programmed to maintain a specific temperature. The chiller pumps a mixture of
propylene glycol and deionized water into the test area, cooling both the sample
and the sample holder. An image of the thermoelectric chiller is shown in Figure
2.9.
110

Figure 2.9: An image of the thermoelectric chiller.

2.3.5 Sourcemeter

The last portion of the test station is the sourcemeter, which is used to take
current and voltage readings from the photocell under examination.

The

sourcemeter is connected to the cell either by leads (if wires have attached to the
contacts of the cell) or probes (if the cell has bare contacts) and then placed under
illuminated area. The duration of illumination is typically limited 15 seconds or
less, to limit the amount of heat that accumulates in the cell during testing.
Information is then processed by the SolarTest software package, specifically
designed for use with the test station. The software then determines many of the
important characteristics of a photovoltaic cell. These characteristics include Voc,
Isc, maximum power point, fill factor, conversion efficiency, and series and shunt
resistance.

Under illumination from the solar simulator, the light I-V

characteristics are measured. The same readings, taken under ambient laboratory
conditions, provide the dark I-V characteristics. An image of the sourcemeter is
shown in Figure 2.10.
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Figure 2.10: An image of the sourcemeter.

2.4 Other Testing Apparatus
2.4.1 Spectroscopic Ellipsometer

Many compounds utilized in layers of photovoltaic cells, such as GaAs,
InGaP, and many others, have well characterized optical properties that can be
acquired from various databases and research groups. Should an uncharacterized
material be under investigation, the ellipsometer provides a method of acquiring
this data. The spectroscopic ellipsometer is capable of determining thicknesses of
material layers as well as values for the complex index of refraction of a material
(n + ik) across a range of wavelengths (193-1700 nm) by performing a number of
experiments using different input wavelengths of light. The data can be imported
to a simulation program or used to determine other characteristics of the material,
such as electrical permittivity. The layer under examination need not be the only
layer in the sample or even the topmost layer in the sample, but it should be the
only layer which is of an uncharacterized material.
An ellipsometer can be considered in four sequential stages: a light source,
an input stage, a sample stage, and an output stage. An example of this can be
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seen in Figure 2.11. The light source provides a constant intensity of a single
wavelength of light to the input stage. This can be accomplished either using a
single wavelength laser or spectral source along with a monochromator. The
second stage takes the input light, which is composed of all polarizations, and
runs through a polarizer such that only one polarization of light is allowed past.
The sample stage holds the sample stationary in the ellipsometer. The output
stage passes the light through an analyzer before collecting it with a photodetector
and analyzing it using computer software. In general, the ellipsometer provides
the most accurate results when circularly polarized light is incident on the
analyzer. This can be attained utilizing various filters, such as quarter-wave
plates, in either the input or output stages to ensure this condition.

Figure 2.11: A diagram of a spectroscopic ellipsometer. In this case, the light
source is a white light source and a monochromator, the input stage is a polarizer
for producing linearly polarized light and quarter wave plate, the sample stage is
just the sample, and the output stage is the analyzer and the photodetector [26].
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Chapter 3 Band Gap Optimization of Split Junction Solar
Cells
As discussed in Chapter 1, placement of the band gap energies of individual
junctions in a cell is a crucial factor in determining overall efficiency. The size of
each junction’s band gap should be as large as possible to maximize the open
circuit voltage (Voc) for each junction. Conversely, each junction must also have a
band gap energy small enough to absorb a sizable portion of the solar spectrum,
generating a large photocurrent. Further, as multijunction cells act akin to voltage
sources in series, the currents generated in each junction should be identical, as
the series current through the sources will be limited to the lowest current
generated by any single junction of a cell. Determining where to place the band
gaps of materials can become a complicated engineering problem before physical
fabrication of the devices even begins. Split junction cells add another degree of
complexity to the design process. Splitting the incident spectrum into multiple
components necessitates an optimized cell for each segment of the spectrum.
In this chapter, MATLAB is utilized to optimize band gap placement for
both multijunction and split junction photovoltaic cells.

In the case of

multijunction cells, single, double, and triple junction cells were optimized for
output power. The resulting band gap locations were then compared to published
data for multijunction cells for verification. The same process was then applied to
split junction cells. For the purpose of this thesis, it was assumed that a single
dichroic filter would be used in a physical setup, implying that there would be a
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single split in the incident solar spectrum and two cells requiring optimization.
The incident solar spectrum was split at different wavelengths, simulating
different cutoff frequencies for the dichroic filter. These cutoff wavelengths were
chosen to correspond to commonly used materials in solar cells.

For all

optimizations, an initial experiment was performed with material constants (e.g.
effective masses of holes and electrons) corresponding to a ‘typical’ III-V
semiconductor, working on the assumption that most of the materials of interest
would fall in this range. This first experiment would provide approximate band
gap energies, allowing for appropriate material choices. The characteristics for
these materials were then substituted in for the ‘typical’ values and the experiment
was repeated. These results are reported in the subsequent sections.

3.1 Full Spectrum Solar Cells
3.1.1 A Single Junction Full Spectrum Cell

As a means of illustrating the optimization process, it will first be
demonstrated in the context of a single junction, full spectrum solar cell. The
maximum possible power generated by a solar cell, Pout, corresponds to an ideal
fill factor of 1, and is determined by Equation 3.1 [105]:
Pout = Voc I sc

3.1

where Voc is the open circuit voltage and Isc is the short circuit current. Both of
these quantities are dependent on the material properties of the junctions in the
cell and require further calculation.
For a single junction solar cell, Voc is defined using Equation 3.2 [105]:
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Voc =

kT ⎛ N a N d
ln⎜
q ⎜⎝ ni2

⎞
⎟⎟
⎠

3.2

Where Na and Nd are the acceptor and donor doping concentrations and ni is the
intrinsic carrier concentration. The variable ni is calculated using Equation 3.3
[7]:
ni = N C N V e

− Eg

3.3
2 kT

Where NC and NV are the density of states of the material used in the conduction
and valence band, respectively, and Eg is the band gap of the material in eV. NC
and NV are inherent to a given material, whereas Eg is the variable under
investigation.
For a single junction solar cell, Isc is defined relying heavily on the
characteristic equations for a diode using Equation 3.4 [7]:
I sc = Iν − I dark

3.4

where Iν is the light-generated current and Idark is the diode current. Idark is
characterized in Equation 3.5 [7].

I dark

⎛ Dn ni2 D p ni2
= qA⎜
+
⎜L N
Lp N d
n
a
⎝

⎞ ⎛⎜⎝ VkToc q −1⎞⎟⎠
⎟e
⎟
⎠

3.5

Where q is the magnitude of electric charge, A is the cross-sectional area of the
cell, Dn and Dp are the diffusion constants for the n- and p-doped regions of the pn junctions, Ln and Lp are the diffusion lengths, Voc is the open circuit voltage
calculated above, k is the Boltzmann constant, and T is the cell temperature. Most
of the parameters are either intrinsic to specific materials or are design choices.
Iν, the photocurrent generated, is generally characterized by Equation 3.6:
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Iν =
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h
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df
df

∫f
0

3.6

where P is the incident solar power spectrum. In short, every photon with a
frequency shorter than the band gap of the material generates a single carrier pair.
For the purposes of this model, recombination losses are ignored (assuming they
are reasonably consistent across different materials).
In calculations for this optimization, the integral in Equation 3.6 is
approximated. The AM1.5G ASTM G173-03 reference spectrum was used to
determine the number of photons at each frequency [2]. The reference spectrum
supplies the solar energy density in different frequency ranges, using step sizes of
as low as .5 nm at short wavelengths and as high as 5 nm at long wavelengths,
from which the number of photons in that range is easily calculated, using the
amount of energy present in a single photon at that frequency. As the reference
spectrum supplies data by wavelength, as opposed to frequency, the Equation 3.6
was adapted to suit it. The modification follows Equation 3.7:
Iν =

A
h2

λg

P

λ
∑
ν
λ
=0

3.7

λ

where Pλ is the amount of power in a given wavelength range, νλ is the frequency
corresponding to that wavelength, and h is Planck’s constant.
Once calculated, the ideal band gap placement for a single junction solar
cell was compared to results published previously to ensure the program was
performing calculations properly.

The source used for verification was

Zdanowicz et al.[21]. Slight modifications were made to the reference spectrum
in this paper, to account for various atmospheric conditions. With these
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modifications, a small amount of variation between calculations is to be expected.
The results are displayed in Figure 3.1.
Calculated
Zdanowicz et al.
Difference
897 nm (1.38 eV)
899 nm (1.38 eV)
2 nm (.002 eV)
Figure 3.1: Ideal band gap placement for a full spectrum single junction solar
cell as calculated by the band gap optimization program (left) and Zdanowicz et
al. (center) [21]

3.1.2 Multijunction Full Spectrum Solar Cells

Following calculation for a single junction full spectrum cell, the program
was adapted to calculate optimum band placement for two and three junction
cells. Many of the same equations used in the Section 3.1.1 can be used with little
modification to be suited for this application.
In the single junction case, Voc is dependent only on the lone p-n junction.
In the multijunction case, Voc is dependent on each p-n junction in the cell
described by Equation 3.8 [105]:
imax

Voc = ∑Voci

3.8

i =1

where Voc,i is the open circuit voltage of each individual p-n junction of the cell.
Each Voc,i may be calculated as in Equation 3.2. In the single junction case, Isc is
by default the current through the only p-n junction. In the multijunction case, as
the cell acts as multiple voltage sources in series, the current through the sources
is limited to the minimum current through any single junction, as described by
Equation 3.9 [105]:
I sc = Min{I 1 , I 2 ,...}

3.9
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where I1 is the current through the first junction, I2 is the current through the
second cell, etc. The current generated by any single junction can be calculated
using equations similar to Equation 3.7. The new equation follows the form of
Equation 3.10:

Iν , j

A
= 2
h

λg , j

Σ
λ λ
=

g , j −1

Pλ

νλ

3.10

where Iν,j is the photocurrent generated by the jth junction, jmax is the number of
junctions in the cell, and λg,j is the wavelength corresponding the band gap of the
jth junction. It should be noted that for all cells the value λg,0 (i.e. when j equals1

for the topmost junction) is 0 nm. The results for two- and three-junction cells are
in Figure 3.2 and Figure 3.3.
Zdanowicz et al.
Difference
Calculated
759 nm (1.63 eV)
674 nm (1.84 eV)
85 nm (.21 eV)
1263 nm (.98 eV)
1107 nm (1.12 eV)
156 nm (.14 eV)
Figure 3.2: Ideal band gap placement for a full spectrum dual junction solar cell
as calculated by the band gap optimization program (left) and Zdanowicz et
al.(right) [21]
Calculated
Zdanowicz et al.
Difference
655 nm (1.90 eV)
590 nm (2.10 eV)
65 nm (0.20 eV)
910 nm (1.36 eV)
873 nm (1.42 eV)
37 nm (0.06 eV)
1320 nm (0.94 eV)
1305 nm (0.95 eV)
15 nm (0.01 eV)
Figure 3.3: Ideal band gap placement for a full spectrum triple junction solar cell
as calculated by the band gap optimization program (left) and Zdanowicz et
al.(right)[21]
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3.2 Multijunction Split Junction Solar Cells

Adapting the optimizer for use with split junction cells required an
additional consideration. In split junction cells, the incident spectrum is split into
multiple segments. For the purpose of this thesis, only splitting the spectrum into
two segments was considered. Solar cells can absorb energies from both portions
of the spectrum, with photovoltaic materials generally used in the shorter
wavelength portion of the spectrum and thermophotovoltaic materials in the
longer wavelength portion. The changes in the input spectrum cause very slight
changes in terms of the equations for generating photocurrent. In fact, for both
cells Equation 3.10 can be adapted with the redefinition of some constants. For
the PV cell, λg,j can never exceed the cutoff wavelength of the device used to split
the spectrum (as there is no light at wavelengths longer than this in the incident
spectrum). For the TPV cell, λg,0 instead equals that same cutoff wavelength (as
there is no light at wavelengths shorter than this in the incident spectrum).
Otherwise, all the equations described in this chapter still hold for these cells.
A number of different cutoff wavelengths were optimized. The location of
these cutoffs were chosen for a variety of reasons, e.g. they correspond to
common material substrates or materials commonly used in photovoltaics. In the
following sections, the cutoff wavelength will be provided, followed by the
motivation for selecting this wavelength. The optimum band placement for both a
PV and TPV cell will be provided (single, dual, and triple junctions for a PV cell,
single and dual junctions for a TPV cell).

Finally, a selection of material

suggestions which are nearly lattice-matched will be provided where possible.
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This is not possible for junctions of some cells, sometimes due to a lack of well
defined materials in the proper energy range or a lack of materials lattice-matched
to other junctions in the cell.

3.2.1 867 nm Cutoff Split Junction Cell

The first cutoff point investigated is for λcutoff equals 867 nm, or 1.43 eV.
The cutoff frequency corresponds to the band gap for GaAs, a common substrate
material for semiconductor fabrication as well as a material commonly used in
photovoltaic cells. Results for single, dual, and triple junction PV and single and
dual junction TPV cells are provided in Figure 3.4 and Figure 3.5.
Single Junction

Material Suggestion

867 nm (1.43 eV)

GaAs

Lattice Constant
(Angstroms)
5.653

Dual Junction
637 nm (1.95 eV)
867 nm (1.43 eV)

Al.4Ga.6As
GaAs

5.656
5.653

1.92
1.43

Triple Junction
561 nm (2.21 eV)
708 nm (1.75 eV)
867 nm (1.43 eV)

Al.4In.6P
Ga.5In.5P
GaAs

5.6
5.66
5.653

2.2
1.75
1.43

Band Gap (eV)
1.43

Figure 3.4: Ideal band gap placement for single, dual, and triple junction PV cells
in a split junction system. Material suggestions for each junction are provided if
applicable.

Single Junction

Material Suggestion

1329 nm (0.93 eV)

Ga.6In.4As

Lattice Constant
(Angstroms)
5.815

Dual Junction
1195 nm (1.04 eV)
1775 nm (0.70 eV)

GaAs.8Sb.2
GaSb

6.0
6.096

Band Gap (eV)
0.92

1.1
0.726

Figure 3.5: Ideal band gap placement for single and dual junction TPV cells in a
split junction system. Material suggestions for each junction are provided if
applicable.
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Note that for each of the PV cells, the bottom junction is placed at the
cutoff frequency, as the bottom junction for each of the full spectrum cells is at a
longer wavelength than the cutoff frequency. This in turn increases the band gap
energy of each of the above junctions in the cell. For the PV cells there are well
established materials that correspond to the appropriate band gaps and lattice
matched to each other at this cutoff.
For the longer wavelength portion of the spectrum, a single junction cell is
optimized at a band gap that allows for use of well-characterized materials that
are not traditionally considered TPV materials. This results from having a short
cutoff wavelength, leaving a large section of the solar spectrum associated with
PV materials incident on the TPV cell. For the dual junction cell, the bottom
junction band gap is located near the band gap of GaSb, a commonly used TPV
material. It may be possible to utilize GaAsSb in the top junction, but this
material is not well characterized, so precise properties for specific mole fractions
may vary. Should GaAsSb prove well-suited, a two junction TPV cell for this
system could be feasible.

3.2.2 925 nm Cutoff Split Junction Cell

The next cutoff point investigated is for λcutoff equals 925 nm, or 1.34 eV.
The cutoff frequency corresponds to the band gap for InP, a material commonly
used in photovoltaic cells. Results for single, dual, and triple junction PV and
single and dual junction TPV cells are provided in Figure 3.6 and Figure 3.7.
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Single Junction

Material Suggestion

897 nm (1.38 eV)

InP

Lattice Constant
(Angstroms)
5.8687

Dual Junction
660 nm (1.88 eV)
925 nm (1.34 eV)

Gap 1
InP

NA
5.8687

NA
1.34

Triple Junction
579 nm (2.14 eV)
741 nm (1.67 eV)
924 nm (1.34 eV)

Gap 1
Gap 1
InP

NA
NA
5.8687

NA
NA
1.34

Band Gap (eV)
1.34

Figure 3.6: Ideal band gap placement for single, dual, and triple junction PV cells
in a split junction system. Material suggestions for each junction are provided if
applicable.

Single Junction

Material Suggestion

1329 nm (0.93 eV)

Ga.6In.4As

Lattice Constant
(Angstroms)
5.815

Dual Junction
1235 nm (1.00 eV)
1785 nm (0.69 eV)

GaAs.8Sb.2
GaSb

6.0 (approx.)
6.096

Band Gap (eV)
0.92

1.1 (approx.)
0.726

Figure 3.7: Ideal band gap placement for single and dual junction TPV cells in a
split junction system. Material suggestions for each junction are provided if
applicable.

Comparing the results of the PV stages of this section and Section 3.2.1, a number
of interesting trends emerge. For the single junction case, the cutoff is at a longer
wavelength than the ideal band gap placement for a full spectrum cell. The band
placement of single junction cell for the PV stage then converges to the full
spectrum placement.

For the purposes of this cutoff wavelength (and all

subsequent cutoff wavelengths investigated) it is assumed that an InP substrate
would be used. This consideration was taken into account for lattice-matching
purposes in the other junctions of the cell. For dual and triple junctions, the
bottom junction remains at the cutoff wavelength as in the GaAs-cutoff cell in
Section 3.2.1. In the triple junction case for the PV stage, there is no well-defined
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material at an appropriate lattice constant for the top junction of the cell, as can be
seen in Figure 3.8.
The results for the TPV cell are nearly identical to that for the TPV cell in
the 867 nm cutoff system. This is not surprising, considering how similar the
incident spectrum on this stage is to that of the previous example. As with the
867 nm cutoff system, both single and dual junction TPV cells seem like realistic
options.

Gap 2

Gap 1

Si

Figure 3.8: Lattice constant vs. band gap plot for common group IV, III-V, and
II-VI semiconductors. Certain regions of this plot have very few well
characterized materials and are denoted as gaps. Gap 1 is germane to the 925 nm
cutoff system, while Gap 2 is relevant to the 1100 nm cutoff system. Adapted
from [27].
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3.2.3 1100 nm Cutoff Split Junction Cell
3.2.3.1 1100 nm Cutoff Split Junction Cell – Silicon Based

The next cutoff point investigated is for λcutoff equals 1100 nm, or 1.13 eV.
The cutoff frequency corresponds to the band gap for silicon. Results for single,
dual, and triple junction PV and single and dual junction TPV cells are provided
in Figure 3.9 and Figure 3.10.
Single Junction

Material Suggestion

897 nm (1.38 eV)

Si

Lattice Constant
(Angstroms)
5.4310

Dual Junction
718 nm (1.72 eV)
1100 nm (1.13 eV)

Gap 2
Si

NA
5.4310

NA
1.12

Triple Junction
620 nm (2.00 eV)
828 nm (1.50 eV)
1100 nm (1.13 eV)

Gap 2
Gap 2
Si

NA
NA
5.4310

NA
NA
1.12

Band Gap (eV)
1.12

Figure 3.9: Ideal band gap placement for single, dual, and triple junction PV cells
in a split junction system. Material suggestions for each junction are provided if
applicable.

Single Junction

Material Suggestion

1761 nm (0.70 eV)

GaSb

Lattice Constant
(Angstroms)
6.096

Dual Junction
1347 nm (0.92 eV)
1761 nm (0.70 eV)

Al.8Ga.2Sb
GaSb

6.13
6.096

Band Gap (eV)
0.726

0.9
0.726

Figure 3.10: Ideal band gap placement for single and dual junction TPV cells in a
split junction system. Material suggestions for each junction are provided if
applicable.

The PV simulation illustrates the issues with using silicon in multijunction
photovoltaics. Silicon has an unusually small lattice constant, as can be seen in
Figure 3.8, meaning that there are very few materials that could be deposited on it
without strain issues. Those that are lattice matched (e.g. GaP, AlP, etc.) have
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band gaps of significantly higher energy than even the highest junction in the
ideal band placement.

Though silicon has many advantages for use in PV

systems, it is not a useful material for this application.
Again, for the single junction TPV cell, GaSb is a convenient material,
both in terms of band gap and simple material composition. For the dual junction
TPV cell, the top junction is best fit by AlGaSb, however this material has not
been well characterized to this point, with most of the data coming from a handful
of experimental samples [119].

3.2.3.2 1100 nm Cutoff Split Junction Cell – GaAs Based

Due to issues finding materials at the proper band placement while
maintaining the lattice-matched condition with silicon, another examination was
performed utilizing GaAs. While GaAs would not be a proper material for the
bottom junction of this cell, the intention is that this substrate would allow for use
of more combinations of materials in the InGaAs and InGaP families. This would
allow for more options in determining possible cells for use in this system. For
this case, the TPV cell composition could remain the same as in Section 3.2.3.1,
requiring only a change in the PV stage. Results for single, dual, and triple
junction PV cells are provided in Figure 3.11.
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Single Junction

Material Suggestion

897 nm (1.38 eV)

GaAs

Lattice Constant
(Angstroms)
5.653

Dual Junction
718 nm (1.72 eV)
1100 nm (1.13 eV)

Al.25Ga.75As
GaTlP

5.655
5.6

1.74
1.1

Triple Junction
620 nm (2.00 eV)
828 nm (1.50 eV)
1100 nm (1.13 eV)

Ga.7In.3P
Al.06Ga.94As
GaTlP

5.57
5.65
5.6

1.99
1.50
1.1

Band Gap (eV)
1.42

Figure 3.11: Ideal band gap placement for single, dual, and triple junction PV
cells in a split junction system. Material suggestions for each junction are
provided if applicable.

While many of the junctions for the single, dual, and triple junction cells have
well-characterized materials available that are lattice-matched to a GaAs
substrate, the bottommost junction for dual and triple junction cells becomes
problematic. Unfortunately, there is no well-characterized material that is latticematched to GaAs. The best option is Ga1-xTlxP, but this is a material that has
exhibited great growth difficulty, particularly in cases with high thallium mole
fractions. There have been few cases of mole fractions of thallium exceeding x =
.1, leading to a poorly characterized material in the mole fraction range that would
be required for this application [111, 120].

3.2.4 1698 nm Cutoff Split Junction Cell

The final cutoff point investigated is for λcutoff equals 1698 nm, or 0.73 eV.
The cutoff wavelength corresponds to the band gap for GaSb. Results for single,
dual, and triple junction PV and single and dual junction TPV cells are provided
in Figure 3.12 and Figure 3.13.
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Single Junction

Material Suggestion

897 nm (1.38 eV)

In.05Ga.95As

Lattice Constant
(Angstroms)
5.67

Dual Junction
760 nm (1.63 eV)
1265 nm (0.98 eV)

In.47Al.53As
In.35Ga.65As

5.83
5.80

1.65
0.98

Triple Junction
655 nm (1.89 eV)
910 nm (1.36 eV)
1320 nm (0.94 eV)

Ga.58In.42P
Ga.95In.05As
Ge/GaTlP

5.63
5.67
5.65/5.6

1.84
1.38
0.67/0.9

Band Gap (eV)
1.38

Figure 3.12: Ideal band gap placement for single, dual, and triple junction PV
cells in a split junction system.

Single Junction
2346 nm (0.53 eV)
Dual Junction
2106 nm (0.59 eV)
2457 nm (0.50 eV)

Figure 3.13: Ideal band gap placement for single and dual junction TPV cells in a
split junction system.

For the PV stage, the cutoff wavelength is so long that the ideal bandgap
placements are identical to that for a full spectrum cell. As such, it makes little
sense to generate material combinations matched to GaSb when the combinations
available for full spectrum cells would be more efficient. For the triple junction
cell, there is a lack of well-characterized material for the bottom junction that is
well matched to the top and middle. Germanium is generally utilized for the
bottom junction of these cells, sometimes necessitating tailoring of the other
junctions in the cell [121], as it has the closest band gap match for the bottom
junction while maintaining a near lattice-matched condition to the materials used
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in the top and middle of the cell. GaTlP has the potential for use in the bottom
junction of the cell, which will be examined further in Chapter 4.
For TPV cells, there are very few materials which are capable of
generating band gaps in the ranges necessary. There are no binary materials in
the range desired, meaning that there are no convenient materials that could
double as both a bottom junction and substrate. Most of the materials that might
suit the junctions, such as GaInSb, AlInSb, InPAs, and AlInAs, have not been
extensively characterized. Creating a TPV cell for this system may well be
possible, but further research into these materials, particularly their lattice
constants, is required.

3.3 Conclusions

The optimum band gaps for PV and TPV cells in a split junction
photovoltaic system were determined for systems employing various cutoff
wavelengths tuned to practical and commonly used semiconductor materials. The
ultimate aim was not only to determine the optimum band gaps for these cells, but
also to determine which, if any, cutoff wavelengths had optimum band gaps that
corresponded to lattice-matched materials.
As evidenced by the results above, employing a dichroic filter at a
wavelength of 1698 nm (i.e. GaSb) does not meet these criteria. As the band gaps
for the PV cell match those for the full spectrum cell, with the lowest junction
significantly above the band gap suggested by GaSb, leaving a portion of the solar
spectrum unutilized. A better result could be obtained by utilizing a full spectrum
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cell and designing a dichroic filter to match the band gap of the bottom junction,
avoiding this waste. Furthermore, GaSb would not be utilized as the bottom
junction of the device as its band gap (0.7 eV) is significantly far away from the
optimum placement for the cell (0.53 eV).
The 925 nm (InP) cutoff system exhibited material characterization issues.
For the dual and triple junction cells, there is a junction which does not have a
well defined material lattice-matched to the other suggested layers. It may be
possible to generate such a layer with a novel material, which may be a subject of
investigation at a later date. For the time being, these designed possibilities can be
dismissed before even looking at the TPV portion of the results.
The 867 nm (GaAs) cutoff system shows promising combinations of
materials for both the PV and TPV portions of the system. Were a complete
system to be constructed, this system would likely be the easiest to design while
still maintaining a high efficiency.
The last remaining possibility, the 1100 nm (Si) cutoff exhibited different
issues. Since silicon has such a small lattice constant, there are very few materials
latticed matched to it. Those that are do have band gaps that are far from the ideal
placement for use in the PV stage of the system.

When this system was

reexamined utilizing a GaAs substrate in place of silicon, the use of GaTlP was
necessitated. The use of this material will be discussed in detail in the Chapter 4.
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Chapter 4 Simulation of Thallium-Based
Multijunction Photovoltaic Cells
In the previous chapter, band gap placement in solar cells for various
applications was examined. In this chapter, individual cells are simulated using
the Sentaurus TCAD software package. In particular, cells utilizing thalliumcontaining junctions, which may be more ideally suited for use in some of the
dichroic systems as suggested in the previous chapter, are investigated.

As

suggested in the previous chapter, there are very few materials that are lattice
matched to GaAs, and the slew of ternary materials lattice-matched to it, that also
have band gaps in the 1.2 eV and lower range. One such material is GaTlP, but
growth of this material is taxing, with mole fractions of thallium over 10% rarely
performed. As such, it is important to perform preliminary calculations before
growth of a sample to ensure optimum results. Additionally, simulations allow
for fine tuning of structure layouts, from specific mole fraction composition to
tunnel diode characteristics to contact geometry.
First, individual semiconductor p-n junction solar cells were simulated.
Materials were chosen for use in later, more elaborate structures rather than
optimization of a single junction system. Proper layer thickness and doping
concentrations were optimized for each junction. Next, the properties of the
tunnel diodes to be used in the system were investigated. For tunnel diodes, an
initial test was performed on a single highly-doped p-n junction.

This was

followed by simulations of dual junction solar cells, utilizing some of the previous
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single junction simulations and requiring use of a tunnel diode between the layers.
Use of different materials necessitated different tunnel diode materials, with some
of the narrow band gap materials commonly used for bottom junctions in solar
cells needing use of quaternary materials. A number of triple junction solar cells
were then simulated, with each layer separated by a different tunnel junction.
First, cells with well-established efficiencies were simulated, to determine a
baseline for further simulations.

Then, cells including thallium-incorporating

bottom junctions were simulated, aiming to improve total conversion efficiency
possible out of the cells. Finally, simulations were performed on cells utilizing a
truncated incident solar spectrum, approximating use in the dichoric system
outlined in the previous chapter. The cells used in this simulation will be those
suggested by the previous chapter. Front and back contacts made of gold were
placed on each cell, with the front contact shadowing only a small fraction of the
cell.

4.1 Simulation of Single Junction Photovoltaic Cells

The simplest case for a solar cell involves a single p-n junction. For this section,
a number of different materials are simulated. The materials chosen are not
intended to be optimum choices for a single junction full spectrum cell, instead
corresponding to material choices for triple cells. As such, for materials which
are not intended to be the topmost junction in cell, two sets of results are
provided. The first shows when the full solar spectrum is incident upon it, the
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second when a truncated solar spectrum, resulting from high frequency light being
absorbed by wider band gap materials above it in the cell, is.

4.1.1 Simulation of a Single Junction GaInP Cell

For this simulation Ga.37In.63P was utilized. This material has a band gap of 1.61
eV and a lattice constant of 5.714 angstroms. Material thicknesses and doping
levels were varied to achieve the highest efficiency for the junction. A physical
diagram and equilibrium band diagram for the device is provided in Figure 4.1.
Specific dimensions and doping concentrations of the highest performing junction
are provided in Figure 4.2. J-V and P-V curves are provided in Figure 4.3. Cell
performance metrics are provided in Figure 4.4.

Figure 4.1: Physical structure and equilibrium band diagram of a GaInP (red)
single junction cell.

Parameter
n-Thickness
p-Thickness
n-Concentration
p-Concentration

Value
0.3 μm
1.0 μm
1e17 cm-3
1e17 cm-3

Figure 4.2: Structural parameters of GaInP cell.
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Figure 4.3: J-V and P-V curves for the GaInP cell.

Parameter
JSC
VOC
Pm
FF
Efficiency

Value
12.89 mA/cm2
1.0778 V
11.35 mW/cm2
81.72%
11.35%

Figure 4.4: Performance metrics for GaInP cell. Short circuit current density
(JSC), open circuit voltage (VOC), maximum power (Pm), fill factor (FF), and
conversion efficiency (Efficiency) are listed.

4.1.2 Simulation of a Single Junction InGaAs Cell

For this simulation In.17Ga.83As was utilized. This material has a band gap of 1.21
eV and a lattice constant of 5.722 angstroms. Material thicknesses and doping
levels were varied to achieve the highest efficiency for the junction. A physical
diagram and equilibrium band diagram for the device is provided in Figure 4.5.
Specific dimensions and doping concentrations of the highest performing junction
are provided in
Parameter
n-Thickness

Value
0.5 μm
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p-Thickness
n-Concentration
p-Concentration

1.0 μm
-3
1e17 cm
1e17 cm-3

Figure 4.6. J-V and P-V curves are provided in Figure 4.7. Cell performance
metrics are provided in
Parameter
JSC
VOC
Pm
FF
Efficiency

Value (truncated spectrum)
11.81 mA/cm2
0.6028 V
5.32 mW/cm2
74.69%
5.32%

Value (full spectrum)
22.73 mA/cm2
0.626 V
10.84 mW/cm2
76.19%
10.84%

Figure 4.8. In order to get an appropriate response for how this cell would
perform as part of a triple junction cell, where part of the incident spectrum would
be absorbed by junctions with higher band gaps, simulations were performed with
both a full solar spectrum and a truncated spectrum, cutoff at where above cells
would stop absorbing light.

Figure 4.5: Physical structure and equilibrium band diagram of an InGaAs (red)
single junction cell.

Parameter
n-Thickness
p-Thickness
n-Concentration
p-Concentration

Value
0.5 μm
1.0 μm
-3
1e17 cm
-3
1e17 cm

Figure 4.6: Structural parameters of InGaAs cell.
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Figure 4.7: J-V and P-V curves for the InGaAs cell with truncated (left) and full
(right) incident spectrum.

Parameter
JSC
VOC
Pm
FF
Efficiency

Value (truncated spectrum)
11.81 mA/cm2
0.6028 V
5.32 mW/cm2
74.69%
5.32%

Value (full spectrum)
22.73 mA/cm2
0.626 V
10.84 mW/cm2
76.19%
10.84%

Figure 4.8: Performance metrics for the InGaAs cell. Short circuit current
density (JSC), open circuit voltage (VOC), maximum power (Pm), fill factor (FF),
and conversion efficiency (Efficiency) are listed. Conversion efficiency values
for both the full and truncated spectrum refer to total power converted from the
full solar spectrum.

4.1.3 Simulation of a Single Junction Ge Cell

For this simulation Ge was utilized. This material has a band gap of 0.66 eV and
a lattice constant of 5.646 angstroms. Material thicknesses and doping levels
were varied to achieve the highest efficiency for the junction. A physical diagram
and equilibrium band diagram for the device is provided in Figure 4.9. Specific
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dimensions and doping concentrations of the highest performing junction are
provided in

Parameter
Value
n-Thickness
0.3 μm
p-Thickness
1.0 μm
n-Concentration
1e17 cm-3
p-Concentration
1e17 cm-3
Figure 4.10. J-V and P-V curves are provided in Figure 4.11. Cell performance metrics
are provided in

Parameter
JSC
VOC
Pm
FF
Efficiency

Value (truncated spectrum)
13.58 mA/cm2
0.0755 V
0.45 mW/cm2
43.8%
0.45%

Value (full spectrum)
22.73 mA/cm2
0.626 V
10.84 mW/cm2
76.19%
10.84%

Figure 4.12. In order to get an appropriate response for how this cell would
perform as part of a triple junction cell, where part of the incident spectrum would
be absorbed by junctions with higher band gaps, simulations were performed with
both a full solar spectrum and a truncated spectrum, cutoff at where above cells
would stop absorbing light.

Figure 4.9: Physical structure and equilibrium band diagram of a Ge (red) single
junction cell.
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Parameter
n-Thickness
p-Thickness
n-Concentration
p-Concentration

Value
0.3 μm
1.0 μm
1e17 cm-3
1e17 cm-3

Figure 4.10: Structural parameters of Ge cell.

Figure 4.11: J-V and P-V curves for the Ge cell with a truncated (left) and full
(right) incident spectrum.

Parameter
JSC
VOC
Pm
FF
Efficiency

Value (truncated spectrum)
13.58 mA/cm2
0.0755 V
0.45 mW/cm2
43.8%
0.45%

Value (full spectrum)
22.73 mA/cm2
0.626 V
10.84 mW/cm2
76.19%
10.84%

Figure 4.12: Performance metrics for the Ge cell. Short circuit current density
(JSC), open circuit voltage (VOC), maximum power (Pm), fill factor (FF), and
conversion efficiency (Efficiency) are listed. Conversion efficiency values for
both the full and truncated spectrum refer to total power converted from the full
solar spectrum.

4.2 Simulation of a Tunnel Diode

In this section, a sample tunnel diode is simulated.

The diode consists of

Al.7Ga.3As and GaAs material layers. A small voltage sweep is performed to
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determine when (the?) (each?) diode best conducts. A J-V curve is provided in
Figure 4.13.

Figure 4.13: J-V curve for an Al.7Ga.3As/GaAs tunnel diode.

This simulation of a tunnel diode is not the only composition of tunnel diode used
in following simulation. Each combination of adjacent junctions necessitates a
tunnel diode with different material compositions, due to band gap and electron
affinity considerations. Each tunnel diode operates in a similar manner; the
variation of material composition is intended to avoid band edge discontinuity
between the tunnel diode and the junction layers and minimize solar absorption by
the tunnel diode layers.

This section is intended to illustrate the general

performance of the tunnel diodes as opposed to listing the performance of all the
diodes used for multijunction cells.

4.3 Simulation of Dual Junction Cells

Simulations of the dual junction cells entail generally the same process as for
single junction cells. The main difference lies in the structure tested. Each
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structure consists of two p-n junctions in electrical series on either side of a tunnel
diode. The tunnel diode is tailored to the materials used in the cell to ensure band
edge continuity on both sides of the junction. Gold contacts are then attached on
the front and back of the cell.
The goal simulating the dual junction cells is to simulate consecutive
junctions of possible triple junction structures.

Doing this eases the

computational complexity of the structures while still allowing for current
matching between consecutive junctions and finding suitable tunnel diode
materials. The dual junction structures are then combined into triple junction
cells.

4.3.1 Simulation of a GaInP/InGaAs Cell

In this simulation, the Ga.37In.63P and In.17Ga.83As junctions from Sections 4.1.1
and 4.1.2, respectively, and combined into a single cell.

The two cells are

connected by an In.7Al.3As/In.7Al.3As tunnel diode. A physical diagram and band
structure for the device is provided in Figure 4.14. Specific dimensions and
doping concentrations for the highest performing cell are provided in Figure 4.15.
J-V and P-V curves are provided in Figure 4.16. Cell performance metrics are
provided in Figure 4.17.
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Figure 4.14: Physical structure and band diagram of a GaInP(red)/InGaAs(blue)
dual junction cell.
Parameter
Value
0.3 μm
GaInP n-Thickness
1.0 μm
GaInP p-Thickness
1e17
cm-3
GaInP n-Concentration
1e17 cm-3
GaInP p-Concentration
0.03 μm
Tunnel Diode p-Thickness
0.03 μm
Tunnel Diode n-Thickness
1e19 cm-3
Tunnel Diode p-Concentration
1e19 cm-3
Tunnel Diode n-Concentration
0.7 μm
InGaAs n-Thickness
1.0 μm
InGaAs p-Thickness
1e17 cm-3
InGaAs n-Concentration
1e17 cm-3
InGaAs p-Concentration
Figure 4.15: Structural parameters of GaInP/InGaAs cell.

Figure 4.16: J-V and P-V curves for the GaInP/InGaAs cell.
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Parameter
JSC
VOC
Pm
FF
Efficiency

Value
2
12.23 mA/cm
1.6041 V
15.14 mW/cm2
84.26%
15.14%

Figure 4.17: Performance metrics for the GaInP/InGaAs cell. Short circuit
current density (JSC), open circuit voltage (VOC), maximum power (Pm), fill factor
(FF), and conversion efficiency (Efficiency) are listed.

4.3.2 Simulation of an InGaAs/Ge Cell

In this simulation, the In.17Ga.83As and Ge junctions from Sections 4.1.2 and
4.1.3, respectively, and combined into a single cell. The two cells are connected
by an In.2Ga.8As/In.625Al.325As tunnel diode, with the Gallium bearing side in
contact with the InGaAs junction. A physical diagram and band structure for the
device is provided in Figure 4.18. Specific dimensions and doping concentrations
for the highest performing cell are provided in Figure 4.19. J-V and P-V curves
are provided in Figure 4.20. Cell performance metrics are provided in Figure
4.21. Similarly to the single junction cells that are not intended to be the topmost
junctions of a multijunction cell, metrics for both full spectrum illumination and a
truncated spectrum, truncated where above junctions would absorb incident light,
are provided. In order to get an appropriate response for how this cell would
perform as part of a triple junction cell, where part of the incident spectrum would
be absorbed by junctions with higher band gaps, simulations were performed with
both a full solar spectrum and a truncated spectrum, cutoff at where above cells
would stop absorbing light.
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Figure 4.18: Physical structure and band diagram of an InGaAs(cyan)/Ge(blue)
dual junction cell.

Parameter
Value
InGaAs n-Thickness
0.3 μm
1.0 μm
InGaAs p-Thickness
1e17 cm-3
InGaAs n-Concentration
1e17 cm-3
InGaAs p-Concentration
0.03 μm
Tunnel Diode p-Thickness
0.03 μm
Tunnel Diode n-Thickness
1e19 cm-3
Tunnel Diode p-Concentration
1e19 cm-3
Tunnel Diode n-Concentration
0.3 μm
Ge n-Thickness
1.0 μm
Ge p-Thickness
1e17
cm-3
Ge n-Concentration
-3
1e17 cm
Ge p-Concentration
Figure 4.19: Structural parameters of InGaAs/Ge cell.
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Figure 4.20: J-V and P-V curves for the InGaAs/Ge cell with a truncated (left)
and full (right) incident spectrum.

Parameter
JSC
VOC
Pm
FF
Efficiency

Value (truncated spectrum)
2
12.04 mA/cm
0.676 V
4.85 mW/cm2
59.60%
4.85%

Value (full spectrum)
2
22.73 mA/cm
0.626 V
10.84 mW/cm2
76.19%
10.84%

Figure 4.21: Performance metrics for the InGaAs/Ge cell. Short circuit current
density (JSC), open circuit voltage (VOC), maximum power (Pm), fill factor (FF),
and conversion efficiency (Efficiency) are listed. Conversion efficiency values
for both the full and truncated spectrum refer to total power converted from the
full solar spectrum.

It should be noted that this cell has a lower efficiency than the single junction
InGaAs cell. However, the performance of this cell is more realistic, as the single
junction simulations utilized the full solar spectrum. As the dual junction

4.4 Simulation of Triple Junction Cells

Simulations of triple junction cells are an extension of the dual junction cell
simulations performed previously.

In these cells, three p-n junctions are

connected in electrical series with a tunnel diode between each pair of p-n
junctions. The first of the triple junction cells simulated utilizes information
gleaned from the previously described simulations.
Following simulation of this cell, triple junction cells utilizing Tl-bearing
junctions were simulated. For these cells, a similar simulation procedure was
followed. For the sake of brevity, results of single and dual junction cells related
to these cells will be omitted. Instead, the results of the final triple junction cell
structures will be reported.
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4.4.1 Simulation of a GaInP/InGaAs/Ge Cell

For this simulation, a Ga.37In.63P/ In.17Ga.83As/Ge cell was tested. This cell is
based heavily on the cell described in [121], which has a recorded efficiency of
41.1% under high concentration and of 31.6% efficiency under single sun
illumination. This cell is intended to be a baseline against which novel designs
incorporating Tl-bearing junctions can be compared to. A physical diagram and
band structure for the device is provided in Figure 4.22. Specific dimensions and
doping concentrations for the highest performing cell are provided in Figure 4.23.
J-V and P-V curves are provided in Figure 4.24. Cell performance metrics are
provided in
Parameter
JSC
VOC
Pm
FF
Efficiency

Value
12.25 mA/cm2
1.7081 V
2
15.53 mW/cm
76.88%
15.53%

Figure 4.25.
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Figure 4.22: Physical structure and equilibrium band diagram of a
GaInP(red)/InGaAs(green)/Ge(blue) triple junction cell.

Parameter
GaInP n-Thickness
GaInP p-Thickness
GaInP n-Concentration
GaInP p-Concentration
Tunnel Diode 1 p-Thickness
Tunnel Diode 1 n-Thickness
Tunnel Diode 1 p-Concentration
Tunnel Diode 1 n-Concentration
InGaAs n-Thickness
InGaAs p-Thickness
InGaAs n-Concentration
InGaAs p-Concentration
Tunnel Diode 2 p-Thickness
Tunnel Diode 2 n-Thickness
Tunnel Diode 2 p-Concentration
Tunnel Diode 2 n-Concentration
Ge n-Thickness
Ge p-Thickness
Ge n-Concentration
Ge p-Concentration

Value
0.3 μm
1.0 μm
1e17 cm-3
1e17 cm-3
0.03 μm
0.03 μm
1e19 cm-3
1e19 cm-3
0.3 μm
1.0 μm
1e17 cm-3
1e17 cm-3
0.03 μm
0.03 μm
1e19 cm-3
1e19 cm-3
0.3 μm
1.0 μm
1e17 cm-3
1e17 cm-3

Figure 4.23: Structural parameters of GaInP/InGaAs/Ge cell.

Figure 4.24: J-V and P-V curves for the GaInP/InGaAs/Ge cell.

Parameter
JSC
VOC
Pm

Value
12.25 mA/cm2
1.7081 V
15.53 mW/cm2
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FF
Efficiency

76.88%
15.53%

Figure 4.25: Performance metrics for the GaInP/InGaAs/Ge cell. Short circuit
current density (JSC), open circuit voltage (VOC), maximum power (Pm), fill factor
(FF), and conversion efficiency (Efficiency) are listed.

4.4.2 Simulation of a GaInP/InGaAs/GaTlP Cell

This cell was designed to directly improve upon the structure from Section 4.4.1.
In that cell, the bottom germanium junction has a non-ideal bandgap for use with
the top two junctions in the cell. In this case, germanium has a lower than ideal
band gap, which implies that the junction will produce sufficient current to match
that generated by the above cells, but at the cost of a lower open circuit voltage
generated by the junction. This in turn leads to a lower open circuit voltage
generated by the cell for the same generated current, leading to reduced power
generation and reduced overall efficiency. Germanium was used as the bottom
junction material for this cell due to the lack of well defined materials that have
band gaps in the ideal range while being lattice-matched to in the 5.6-5.7
angstrom range. Utilizing GaTlP, which has a wider band gap for these lattice
constants than germanium, should increase the open circuit voltage of the cell
without diminishing the current generated.
For this simulation, a Ga.37In.63P/ In.17Ga.83As/Ga.42Tl.58P cell was tested.
This mole fraction of GaTlP has a band gap of 0.9 eV. A physical diagram and
band structure for the device is provided in Figure 4.26. Specific dimensions and
doping concentrations for the highest performing cell are provided in Figure 4.27.
J-V and P-V curves are provided in Figure 4.28. Cell performance metrics are
provided in
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Parameter
JSC
VOC
Pm
FF
Efficiency

Value
2
12.36 mA/cm
1.8337 V
17.36 mW/cm2
76.61%
17.36%

Figure 4.29.

Figure 4.26: Physical structure and equilibrium band diagram of a
GaInP(red)/InGaAs(green)/GaTlP(blue) triple junction cell.

Parameter
GaInP n-Thickness
GaInP p-Thickness
GaInP n-Concentration
GaInP p-Concentration
Tunnel Diode 1 p-Thickness
Tunnel Diode 1 n-Thickness
Tunnel Diode 1 p-Concentration
Tunnel Diode 1 n-Concentration
InGaAs n-Thickness
InGaAs p-Thickness
InGaAs n-Concentration
InGaAs p-Concentration
Tunnel Diode 2 p-Thickness

Value
0.3 μm
1.0 μm
-3
1e17 cm
1e17 cm-3
0.03 μm
0.03 μm
1e19 cm-3
1e19 cm-3
0.5 μm
1.0 μm
1e17 cm-3
1e17 cm-3
0.03 μm

148

Tunnel Diode 2 n-Thickness
Tunnel Diode 2 p-Concentration
Tunnel Diode 2 n-Concentration
GaTlP n-Thickness
GaTlP p-Thickness
GaTlP n-Concentration
GaTlP p-Concentration

0.03 μm
1e19 cm-3
1e19 cm-3
0.3 μm
1.0 μm
1e17 cm-3
1e17 cm-3

Figure 4.27: Structural parameters of GaInP/InGaAs/GaTlP cell.

Figure 4.28: J-V and P-V curves for the GaInP/InGaAs/GaTlP cell.

Parameter
JSC
VOC
Pm
FF
Efficiency

Value
2
12.36 mA/cm
1.8337 V
17.36 mW/cm2
76.61%
17.36%

Figure 4.29: Performance metrics for the GaInP/InGaAs/GaTlP cell. Short
circuit current density (JSC), open circuit voltage (VOC), maximum power (Pm), fill
factor (FF), and conversion efficiency (Efficiency) are listed.

4.4.3 Simulation of a GaInP/AlGaAs/GaTlP Top Cell

Whereas the previous simulation dealt with improving an existing cell design for
a three junction full spectrum cell, this section implemented the band placement
suggested in Section 3.2.3.2 for a split junction system.

Due to the long-

wavelength portion of the solar spectrum redirected to the TPV cell, the amount
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of the solar spectrum incident on the PV cell is truncated, leading to higher (in
energy) band gap levels for the junctions of the cell.
In this cell, a Ga.76In.24P/Al.04Ga.96As/Ga.5Tl.5P structure was utilized.
These materials have band gaps of 2.00 eV, 1.45 eV, and 0.95 eV, respectively.
A physical diagram and band structure for the device is provided in Figure 4.30.
Specific dimensions and doping concentrations for the highest performing cell are
provided in Figure 4.31. J-V and P-V curves are provided in Figure 4.32. Cell
performance metrics are provided in Figure 4.32.

Figure 4.30: Physical structure and band diagram of a
GaInP(red)/AlGaAs(green)/GaTlP(blue) triple junction cell.

Parameter
GaInP n-Thickness
GaInP p-Thickness
GaInP n-Concentration
GaInP p-Concentration
Tunnel Diode 1 p-Thickness
Tunnel Diode 1 n-Thickness
Tunnel Diode 1 p-Concentration
Tunnel Diode 1 n-Concentration
AlGaAs n-Thickness

Value
0.3 μm
1.0 μm
1e17 cm-3
-3
1e17 cm
0.03 μm
0.03 μm
1e19 cm-3
1e19 cm-3
0.3 μm
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AlGaAs p-Thickness
AlGaAs n-Concentration
AlGaAs p-Concentration
Tunnel Diode 2 p-Thickness
Tunnel Diode 2 n-Thickness
Tunnel Diode 2 p-Concentration
Tunnel Diode 2 n-Concentration
GaTlP n-Thickness
GaTlP p-Thickness
GaTlP n-Concentration
GaTlP p-Concentration

1.0 μm
1e17 cm-3
1e17 cm-3
0.03 μm
0.03 μm
1e19 cm-3
1e19 cm-3
0.3 μm
1.0 μm
1e17 cm-3
1e17 cm-3

Figure 4.31: Structural parameters of GaInP/AlGaAs/GaTlP cell.

Figure 4.32: J-V and P-V curves for the GaInP/AlGaAs/GaTlP cell.

Parameter
JSC
VOC
Pm
FF
Efficiency

Value
7.96 mA/cm2
2.556 V
16.26 mW/cm2
79.92%
16.26%

Figure 4.33: Performance metrics for the GaInP/AlGaAs/GaTlP cell. Short
circuit current density (JSC), open circuit voltage (VOC), maximum power (Pm), fill
factor (FF), and conversion efficiency (Efficiency) are listed.
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4.4.4 Simulation of GaSb TPV Cell

For the purposes of calculating the system efficiency for a SJ system, a simple
TPV cell was simulated. Simulated was a single junction GaSb cell, with a 0.726
eV. As this cell is intended for use in a split junction system, simulations are
provided for both full spectrum and for an incident spectrum corresponding to
where a diochroic mirror would split the solar spectrum, in this case at 0.95 eV.
A physical diagram and band structure for the device is provided in Figure 4.34.
Specific dimensions and doping concentrations for the highest performing cell are
provided in Figure 4.35. J-V and P-V curves are provided in Figure 4.36. Cell
performance metrics are provided in
Parameter
JSC
VOC
Pm
FF
Efficiency

Value (truncated spectrum)
9.80 mA/cm2
0.1485 V
2
0.71 mW/cm
48.66%
0.71%

Value (full spectrum)
35.99 mA/cm2
0.1951 V
2
3.89 mW/cm
55.43%
3.89%

Figure 4.37.

Figure 4.34: Physical structure and equilibrium band diagram of a GaSb single
junction cell.
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Parameter
n-Thickness
p-Thickness
n-Concentration
p-Concentration

Value
0.25 μm
10 μm
1e16 cm-3
1e16 cm-3

Figure 4.35: Structural parameters of GaSb cell.

Figure 4.36: J-V and P-V curves for the GaSb cell with truncated (left) and full
(right) spectrum illumination.

Parameter
JSC
VOC
Pm
FF
Efficiency

Value (truncated spectrum)
9.80 mA/cm2
0.1485 V
0.71 mW/cm2
48.66%
0.71%

Value (full spectrum)
35.99 mA/cm2
0.1951 V
3.89 mW/cm2
55.43%
3.89%

Figure 4.37: Performance metrics for the GaSb cell. Short circuit current density
(JSC), open circuit voltage (VOC), maximum power (Pm), current at maximum
power (Im), voltage at maximum power (Vm), fill factor (FF), and conversion
efficiency (Efficiency) are listed.

To determine the total system efficiency of the SJ system, the conversion
efficiency of this TPV cell is added to the PV cell from Section 4.4.3, resulting in
a total system efficiency of 16.97%.
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4.4.5 Simulations of Triple Junction Cells Utilizing Antireflective Coatings

Both the PV and TPV cells under discussion to this point would be best described
as stripped down versions of solar cells. Fabricated solar cells include a number
of other features to ensure higher conversion efficiencies. Some of those features,
like use of ohmic contacts, can be omitted due to the idealized nature of
simulation work. Other features, like antireflective coatings (ARCs), can be
included to improve simulation efficiencies.
Most of the semiconductor materials used in solar cells have indices of
refraction in range of 3-4.5, depending on both material and specific wavelength
of light. This differs greatly from index of refraction of air, ~1. Using Equation
1.1 :
⎛ n − n2
R = ⎜⎜ 1
⎝ n1 + n 2

⎞
⎟⎟
⎠

2

4.1

it is calculated that at the interface between air and the semiconductor materials as
much as 40.5% of incident light is reflected from cell, indicating a massive loss in
efficiency. If a material, or materials with a wider band gap than any junction in
the cell (to minimize absorption of light by this layer that could be absorbed by
the active regions of the cell) but an intermediate index of refraction, the amount
of reflected light can be reduced.
In this section a Si3N4 layer, with an average index of refraction of around
2.74, is added on top of each of the triple junction cells previously simulated.
Using the equation above, it is calculated that using this intermediate layer can
reduce reflection from the range of 22.0-26.6%. Efficiency metrics for the new
cells are then calculated. Additionally, the external quantum efficiency of each
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cell across a range of wavelengths is calculated before and after adding the
antireflective coating to show that the layer aids in light absorption across all
wavelengths of light. The results of these simulations can be seen in Figures
4.38-42.
Parameter
JSC
VOC
Pm
FF
Efficiency

Value
13.91 mA/cm2
1.7286 V
2
17.90 mW/cm
74.43%
17.9%

Figure 4.38: Performance metrics for the GaInP/InGaAs/Ge cell with a Si3N4
ARC. Short circuit current density (JSC), open circuit voltage (VOC), maximum
power (Pm), fill factor (FF), and conversion efficiency (Efficiency) are listed.

Figure 4.39: EQE of GaInP/InGaAs/Ge cell without (left) and with (right) a
Si3N4 ARC.

Parameter
JSC
VOC
Pm
FF
Efficiency

Value
13.95 mA/cm2
1.8507 V
2
19.74 mW/cm
76.43%
19.74%

Figure 4.40: Performance metrics for the GaInP/InGaAs/GaTlP cell with a Si3N4
ARC. Short circuit current density (JSC), open circuit voltage (VOC), maximum
power (Pm) fill factor (FF), and conversion efficiency (Efficiency) are listed.
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Figure 4.41: EQE of GaInP/InGaAs/GaTlP cell without (left) and with (right) a
Si3N4 ARC.

Parameter
JSC
VOC
Pm
FF
Efficiency

Value
9.95 mA/cm2
2.5787 V
20.32 mW/cm2
79.21%
20.32%

Figure 4.42: Performance metrics for the GaInP/AlGaAs/GaTlP cell with a Si3N4
ARC. Short circuit current density (JSC), open circuit voltage (VOC), maximum
power (Pm), fill factor (FF), and conversion efficiency (Efficiency) are listed.

4.5 Conclusions and Future Work

Use of the GaTlP in resulted in higher simulated conversion efficiencies when
under the same conditions than some of the most efficient cells produced to date,
resulting in an improvement over that cell of 2.42% for a 3-junction full spectrum
cell and 3.13% for a split junction system. Utilization of a simple 1-layer ARC
dramatically improved the current density generated by the cells 12.9% for the
full spectrum cell and 25.0% for split junction cell, but external quantum
efficiency simulations show that there is still a significant portion of incident light
lost to reflection. In order to get to the current densities expected from these cells,
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~16 mA/cm2, more extensive ARCs must be used, utilizing 2 or more layers with
intermediate indices of refraction, which will be a focus of future simulations.
Perhaps the largest deviation from the results expected from literature is in
open circuit voltage of these cells. For example, the GaInP/InGaAs/Ge cell taken
from literature has an experimental Voc of 2.282 V, whereas the simulated
structure only resulted in a Voc of 1.7286 V [121]. Further investigation into this
issue revealed that the simulation software consistently underestimates the open
circuit voltages of individual solar cell junctions, usually on the order of 0.2 V.
This effect was evidenced by comparing single junction cells from published
works and simulating the exact same structures, from layer thicknesses to doping
levels. Investigating a germanium subcell, specified in [122], the expected Voc for
a cell should be in the range of 0.25-0.32 V, depending on doping levels and layer
thicknesses. However, the highest Voc achieved in simulation was 0.08 V. For a
GaAs subcell, specified in [123] the open circuit voltage should reach somewhere
in the range of 1.00-1.05 V, but the highest ever achieved in simulation utilizing
this structure was 0.85 V. This shows a systematic error in simulations across all
materials. This effect is cumulative when numerous junctions are utilized in a
single cell. In the case of a triple junction cell, this can result in a discrepancy of
up to 0.6 V, equal to that between experimental and simulated results. The cause
of this discrepancy will be the focus of future inquiry, but as this irregularity is
consistent across all of the cells simulated, it is believed that the main result from
the simulation is still valid, that use of GaTlP in multijunction and split junction
systems can result in higher conversion efficiencies. Future work will include

157

fabrication of cells including (Tl)-bearing materials, attempting to generate higher
conversion efficiencies than currently demonstrated.
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Chapter 5 Conclusion and Future Work
In Chapter 3, the ideal band placements for both full spectrum and split junction
systems were examined. For the full spectrum case, the ideal band placement was
compared to that of structures that have been designed previously. The most
relevant result from this section was in regard to previously used triple junction
cells.

Due to the common usage of germanium bottom junctions, there is

significant excess current generated by this junction, current which is wasted due
to the current generation limitations by the other junctions. This implies that the
band gap for this junction was too low, which in turn resulted in a lower open
circuit voltage for the cell as a whole. There were (are?) no well-characterized
materials that had both the required band gap and lattice constant, but it was
determined that a novel material of interest, GaTlP, could fill this need. Triple
junction full spectrum cells utilizing this material were further examined in
Chapter 4.
For split junction systems, the cutoff wavelength between the two stages
was varied and then the ideal band placements for both stages were determined.
Once these were found, it was determined if there was any combination of
materials that satisfied both the band placements desired while maintaining
lattice-matching throughout the cells of each stage existed. Such combinations
exist for two of the examined cutoff wavelengths: 867 nm and 1100 nm.
For the 867 nm cutoff system, there existed combinations of materials that
were well-characterized for both the PV and TPV stage. Since these stages did
not necessitate use of the novel materials under investigation for this thesis,
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further analysis of these cells was deferred to a later date. Specifically, due to the
relatively short cutoff wavelength of the filter for this system, further analysis of
the TPV stage, dividing that portion of the spectrum across more than the two
junction upper limit assumed for this thesis and possibly even multiple stages,
should be investigated. Fabrication of these cells may also warrant investigation.
For the 1100 nm cutoff system, a viable material combination was present.
This combination required the use of GaTlP, a material mentioned previously for
the triple junction full spectrum cell, for the PV stage. Further examination of this
system was performed in Chapter 4.
In Chapter 4, simulations were performed on full spectrum cells and split
junction systems which utilize GaTlP junctions to determine if use of this material
could improve overall conversion efficiency. These simulations can be divided
into two general cases: a comparison of full spectrum triple junction cells, one
with a germanium bottom junction and the other a GaTlP bottom junction, and
examination of a split junction system whose PV stage utilizes a GaTlP bottom
junction. In the former example, it was determined that incorporation of GaTlP in
the cell can improve the open circuit and operating voltages of the cell with
negatively influencing the current generated, resulting in a net improvement in
conversion efficiency. In the latter, it was determined that the system conversion
efficiency could exceed that. Both of these designs now require fabrication and
testing. This will require a great amount of effort, as compositions of GaTlP with
the required thallium content required for this application have not been grown to
date, much less incorporated into complicated structures. In fact, compositions
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with even a fraction of the required thallium have resulted in unusable film
quality.
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