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Abstract

The concept of introducing an intermediate band to overcome the efficiency limit of single-
bandgap solar cells was proposed by Luque and Marti in 1997. It is predicted that utilising
the intermediate band for multi-photon absorption can significantly improve the pho-
tocurrent generation without accompanying output voltage loss. Quantum dots (QDs)
have been proposed as a means for implementing intermediate band solar cells (IBSCs)
to absorb low energy photons, due to their quantum confinement of carriers. The work
reported in this thesis is concerned with the theoretical and numerical investigation of
quantum dot solar cell (QDSC) using InAs QD multi-layers embedded in the i-region of
a GaAs nt —i — p* structure. In particular, the dependence of QDSC parameters on
the number of QD layers, QD size, and size dispersion and the impact of inserting InAs
QD multi-layers in the middle subcell of GagsIngs9P/GaAs/Ge triple-junction quan-
tum dot solar cell (3J-QDSC). Numerical simulations show that, the solar cell parameters
are strongly dependent on the number of QD layers, the average size and size dispersion
of QDs. A maximum efficiency is obtained at optimum number of QD layers, QD size,
and size dispersion. Above or below this optimal value degrades the efficiency of QDSC.
The current density-voltage characteristics have been simulated and discussed for triple
junction solar cell with and without InAs QD. Inserting InAs QDs increases the short
circuit current and efficiency of 3J-QDSC (40.1% ) with small degradation in open circuit
voltage. In general, inserting optimized size, size dispersion, number of InAs QD layers
in the i-region of a GaAs solar cell as well as in the middle subcell of triple-junction
Gaos11n949P/GaAs/Ge solar cell improves both the short circuit current density and the

efficiency of the solar cell with a small degradation in open circuit voltage.
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Chapter 1

Introduction

1.1 Background

The ability to generate and use all kinds of energy sources has greatly contributed to the
civilization we have reached today. The increase in the world population and the modern
lifestyle of people has recently increased the demand for energy. According to the U. S.
Energy Information Administration (EIA) prediction, global energy consumption will rise
by 34% between 2022 and 2050 [I]. Therefore, generating additional and sustainable en-
ergy to match energy demand with energy supply is non-negotiable. Because of increased
energy demand, as well as existing policy and energy security concerns, renewable energy
sources, particularly solar and wind, must grow faster than any other energy source. By
2050, the installed power capacity must increase to 1% to 2 times what it was in 2022 in
order to fulfil rising global energy demands (Fig. . In 2022, liquid fuels, natural gas,
and coal accounted for more than half of global power generation. It is predicted that,
Zero-carbon technologies will account for 81% to 95% of new global power generation ca-
pacity between 2022 and 2050 [1].

For decades, we have relied heavily on fossil fuels. Climate change is now predominantly
believed to be caused by an increase in greenhouse gas concentrations in the atmosphere,
such as C'Oy, which is the byproduct of the combustion of fossil fuels. According to the In-

tergovernmental Panel on Climate Change (IPCC), the climate system is unquestionably



warming, as demonstrated by rising global average air and ocean temperatures, widespread

melting of snow and ice, and rising global average sea level [2]. It is indisputable that we
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Figure 1.1: World energy generation capacity. Reproduced from Ref. [I].

must switch from fossil fuels to renewable energy.

The urge to shift from fossil fuels and towards renewable energies has been encouraged
not just by the depletion of oil and gas supplies, but also by the need to reduce greenhouse
gas emissions and avert global climate change. It is anticipated that replacing all energy
demand with renewable energy will be a significant task for humanity. The difficulty then
becomes is determining how to generate enough energy to meet the predicted growth in
energy demand without producing greenhouse gases.

Solar energy has emerged as the most promising energy source to address this issue due to
the enormous amount of solar radiation that reaches the earth’s surface as well as recent
significant advancements in solar energy technology. Planet Earth has received enough
solar radiation to meet its energy needs. With current technologies, every square meter
of land on Earth receives enough sunlight to generate 1,700 kWh of electricity annually.
The entire solar energy that reaches the Earth’s surface has the potential to meet current

global energy needs 10,000 times more [3]. There is a huge gap between the amount of



solar energy used nowadays and its enormous potential. Figure [1.2] compares the avail-
ability of solar energy to that of other renewable energy sources. Widespread use of solar
energy, which is free from environmental pollution, is not something that should be given
time. However, converting solar energy into electrical energy in a more efficient and on a

large scale is believed to be extremely challenging. According to the International Energy
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Figure 1.2: Solar irradiation versus established global energy resources (Fossil fuels are
expressed with regard to their total reserves whereas renewable energies are expressed to
their yearly potential). Reproduced from Ref. [2].

Agency forecast, non-fossil fuel sources such as solar, wind, hydropower, and nuclear will
meet the majority of global electricity demand by 2050 [I]. Currently, solar energy con-
tributes about 5.5% of global electricity generation, up from 4.6% in 2022 [4].

Solar power is an appealing solution for a long-term, sustainable energy source. Its supply
greatly outstrips any foreseeable future energy demand. It is completely environmentally
friendly, and its energy is freely delivered from the sun to the Earth. But using the
sun’s energy is not without difficulties. Overcoming the challenges to widespread solar
power generation will necessitate engineering breakthroughs in multiple areas, including
absorbing solar energy, converting it to useful forms, and storing it for use when the sun

is obscured. The United States National Academy of Engineering concludes in its grand



engineering challenges report that making solar energy more efficient and inexpensive is
one of the major engineering challenges of the twenty-first century [5]. If the engineering
constraints of increasing the efficiency and lowering the cost of solar cells are overcome,
solar power will demonstrate its dominance over fossil fuels as a sustainable driving force
for civilization’s long-term success.

The Photovoltaic effect was first discovered by, a French physicist, Alexandre-Edmund
Becquerel in 1839 [6]. His finding laid foundations for solar cell technology. The photo-
voltaic effect is the fundamental basis of solar cell technology. In 1870s, the photovoltaic
(PV) effect was first explored in solids such as selenium. It was expensive and had low
efficiency (1% to 2%). A significant advancement in solar cell technology occurred, when
the Czochralski method for producing highly pure crystalline silicon was developed [7]. In
1954, researchers at Bell Telephone Laboratory developed the first silicon single-crystalline
solar cell with a 6% efficiency [§]. Within a few years, this efficiency was increased to 11%
[7]. The photoconversion efficiency of silicon solar cells increased to 26.6% in 2017 [9],
while a new world record efficiency of 26.81% was reported in 2023 [I0], approaching the
efficiency limits of silicon solar cells of 29.43% [11].

Until the 1973 global oil crisis, solar cells were used for space application, basically used
for powering satellites. Due to the dramatic rise in oil prices, public interest in photo-
voltaic technology for terrestrial applications was growing. At the time, PV technology
was transitioning from a specialty technology for space applications to a technology ap-
propriate for terrestrial applications. In the late 1970s and early 1980s many companies
began to develop PV modules and systems for terrestrial applications [12]. Solar cells are
still vital for space applications, such as powering the International Space Station and
orbiting satellites.

Solar cells are categorised into distinct groups based on the materials used in their manu-

facturing. In first generation solar cell technology, silicon (Si) is utilised in the production



of single crystalline and polycrystalline Si solar cells. Thin film solar cells are a second gen-
eration solar cell technology that employs materials such as amorphous Si [a-Si|, cadmium
sulphide [CdS], Cadmium Telluride [CdTe], Copper Indium Gallium DiSelenide [CIGS]
etc. Third-generation solar cell technology applies advanced methods to harvest the max-
imum amount of solar energy incident on the solar cell and convert it more efficiently
into electric energy. This category include dye sensitised solar cells, tandem solar cells,
multi-junction solar cells, and quantum dot solar cells etc.

Single-junction solar cells may be able to reach air mass 1.5 (AM1.5) efficiencies of up
to 30%-32% [13]. Some of the single junction solar cell which have been developed and
demonstrated a good power conversion efficiency are Si (26.81% [10]), GaAs (27.6% [14]),
CIGS (23.35% [15]), perovskite (23.6% [16]), Dye sensitised (11.9% [17, 18]), and Organic
(15.2% [19]).

The variety of power loss mechanisms in solar cell devices make converting solar energy
into usable electrical energy difficult [20]. The mismatch between the solar spectrum and
the band gap of the semiconductor material is the most significant loss in single junction
solar cells. Photons with energies less than the band gap cannot be absorbed (25.0%),
and photons with energies considerably exceeding the band gap waste energy due to ther-
malization (29.8%) [2I]. This energy loss due to spectral mismatch can be reduced by
employing the intermediate band solar cell (IBSC) idea [22]. The principle of IBSC photo-
voltaic is to excite electrons two-step over a semiconductor band gap using an intermediate
band [23]. The use of low-energy photons in conjunction with the intermediate band ap-
proach raises the maximum detailed balance efficiency from 40.7% to 63.1% [22].
Quantum Dots are semiconductor nanocrystals (NCs) that exhibit quantum confinement
effects in all three dimensions. These quantum confinement effects allow their optical and
electronic properties to be tuned by adjusting their shape and size, making their usage
in optoelectronic materials attractive [24] 25]. A confined levels of quantum dot was pro-

posed to obtain the operational principles of IBSC [26] 27]. The evidence of obtaining



three distinct quasi-Fermi levels [28] 29] and the generation of photocurrent by absorption
of photons laying beneath the semiconductor band gap [26, 28] 29] 30], both of which are
pillars of IBSC principles, has captured the interest of many researchers in the field of
quantum dot solar cells.

Another popular method for avoiding these loss processes is to use a multijunction solar
cell (MJSC) technique [I3] 20]. A multi junction solar cell is made up of numerous single
junction solar cells with varying bandgap energies joined by tunnel junctions [20]. The
concept is based on the idea of stacking solar cells with different bandgaps to absorb a
larger section of the solar spectrum and hence increase solar cell efficiency [13]. The mul-
tijunction solar cell technique can overcome the aforementioned most significant losses in
single junction solar cells. The multijunction solar cell approach has several advantages,
including the ability to capture a wide range of sunlight’s wavelengths, which spans from
ultraviolet to infrared [31] and the ability to minimise thermalization loss brought on by
a high-energy photon absorbed by a material with a small bandgap [13]. In this thesis
theoretical and numerical investigation of InAs/GaAs quantum dot solar cell to improve

the power conversion efficiency was carried out.

1.2 Statement of the Problem

The most significant loss in conventional solar cells is caused by a spectral mismatch
between the semiconductor band gap and the solar spectrum [32]. This issue can be re-
duced by using the intermediate band solar cell [22] and multi-junction solar cell concepts
[13, 20]. The tunable band gap of quantum dots as a result of quantum confinement ef-
fect makes a good candidate for IBSC practical application [20] 27]. Several studies have
demonstrated the splitting of three quasi-fermi levels [28, 29] and the improved spectral
response in quantum dot solar cells [26] 28, 29] [30]. However, in numerous experimental

reports [33], [34], 35, 36, B7, B38|, 39} 40, 41, [42] the short circuit current density increases but



the open circuit voltage and the efficiency of QDSC decreases compared to the reference
solar cell. This could be related to the number of quantum dots layers, quantum dot size,
and quantum dots size non-uniformity (size dispersion).

Increasing the number of QD layers improves short circuit current but decreases the effec-
tive band gap, resulting in open circuit voltage deterioration. This competitive relationship
between the number of QD layers and the effective band gap may result in the optimal
number of QD layers for maximum efficiency.

When the size of QDs increases, the bandgap shift between the barrier conduction band
and the intermediate band increases. This decreases electron escape from QDs to the
barrier. As a result, larger QDs can easily recapture the photogenerated carrier during
carrier transport [43]. This causes the recombination process to increase. When smaller
QDs are employed, the bandgap shift is small. As a result, intermixing of quasi-Fermi level
of conduction band and intermediate band could happen, which oppose the basic principle
of IBSC. In addition, small QDs cannot absorb long wavelengths of light, which means less
of the solar spectrum can be used. On the other hand, larger QDs absorb long wavelength
light, but they are unfavorable for electron escape (transfer) due to larger recombination.
In order to avoid recapturing of the photogenerated carrier and intermixing of quasi-Fermi
level, appropriate size of QDs should be selected. In general, the competitive relationship
between light absorption and electron escape from QD according to the size of the QDs
might lead to the optimal QD size to provide maximum solar energy conversion efficiency.
Since smaller size-dispersion QD ensembles have higher and sharper absorption peaks, they
cover a lesser portion of the solar spectrum. On the other hand, larger size-dispersion QD
ensembles have a lower absorption peak and a wider bandwidth that might causes stimu-
lated emission problems. Therefore, the competitive relationship between peak absorption
coefficient and line width broadening, could lead to an optimum QD size dispersion to pro-
vide maximum solar energy conversion efficiency.

Among the numerous technologies used to improve the conversion efficiency of solar cells,



the multi-junction (M-J) concept, especially the triple-junction (3-J) concept based on
InGaP, GaAs and Ge materials exhibit high efficiencies. Nevertheless, their performance
is somehow restricted due to current limitation of the GaAs middle subcell [44 45] [46].
Inserting optimized size and number of layers of InAs QD in the intrinsic region of n-i-p
GaAs subcell could bring both current match among the three subcells and efficiency im-
provement.

In this dissertation, first, the dependence of InAs/GaAs quantum dot solar cells param-
eters on the number of quantum dot layers are investigated. Second, the effect of cubic
and spherical InAs quantum dot size and size dispersion on the QD absorption coefficient,
the quantum dot photocurrent density and the performance of InAs/GaAs quantum dot
solar cells are studied. Finally, a theoretical model of a triple-junction quantum dot solar
cell is developed using n/p Gags11n0.49P (top subcell), n-i-p InAs/GaAs QDSC (middle
subcell), and n/p Ge (bottom subcell), and the effect of InAs quantum dot insertion in
the middle subcell of triple-junction solar cells is analysed. Therefore, consideration of
numerical approaches is important. The numerical solutions and simulated findings in

this work were generated using Mathematica 8 or 9.

1.3 Objectives of the Study

1.3.1 General Objective

The general objective of the study is

e Investigating an InAs/GaAs quantum dot solar cell theoretically and numerically

to improve the power conversion efficiency.



1.3.2 Specific Objectives

The specific objectives of the study are

e To investigate the dependence of quantum dot solar cell parameters on the number

of quantum dot layers.

e To study the effect of cubic and spherical quantum dot size and size dispersion
on the quantum dot absorption coefficient, quantum dot photocurrent density, and

performance of quantum dot solar sells.

e To investigate the impact of inserting an InAs quantum dot in the middle subcell

of a triple-junction Gags1Ing49P/GaAs/Ge solar cell.

1.4 Thesis Layout

Chapter [2| deals with the physics of n-p junction and n-p junction solar cell. In this
chapter analytical equations of the dark current density, the short circuit current density,
the open circuit voltage, and the efficiency of the solar cell are derived. Chapter |3|discuses
about the theoretical model of InAs/GaAs QDSC and Gag 511n049P/GaAs/Ge 3J-QDSC
as well as the methods used for this study. The main results of the study are discussed
in Chapters [4 [5 and [6, The dependence of quantum dot solar cell parameters on the
number of quantum dot layers are discussed in Chapter [l Chapter [5] study the effect of
cubic and spherical quantum dot size and size dispersion on the quantum dot absorption
coefficient, the quantum dot photocurrent density, and performance of quantum dot solar
cells. The impact of inserting an InAs quantum dot in the middle subcell of a triple-
junction Gags11ng9P/GaAs/Ge solar cell is discussed in Chapter @ Finally, summary,

limitation of the study and recommendation for future work are presented in Chapter [7]



Chapter 2

Literature Review

Understanding the interaction of light and semiconductors is required for a complete com-
prehension of solar cells. The photovoltaic energy conversion process, sunlight as the main
energy source, and the solar cell itself are all explained in this chapter. The next section
includes a brief overview of solar irradiation, followed by a discussion of charge carriers’
transport properties in semiconductors. The basic of semiconductors, the formation of n-p
junctions, and solar cell operation are explained, and then current densities of n-p junction
solar cells under illumination and in the dark are derived. Comprehensive explanations
are also held regarding the intermediate band solar cells, the quantum dot intermediate

band solar cells, and the multi-junction solar cells.

2.1 The Solar Resource

To generate electron-hole pairs in semiconductor materials, photons with the appropriate
energy must be absorbed. Consequently, understanding the spectral distribution of solar
radiation is essential [12]. Sunlight is composed of a wide range of wavelengths radiation
which cover the ultraviolet, visible, and infrared portions of the electromagnetic spectrum.
The visible wavelength range (300 — 800 nm) has the most solar radiation, with a peak

in the blue-green wavelength range [47]. The number of photons with a given energy as

10
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a function of wavelength () is known as the spectral distribution of solar radiation. The
sun is a complicated radiator and its spectrum is comparable to that of a black body at
6000 K [48]. Figure depicts the AMO spectrum (the standard for the extraterrestrial
spectrum and the standard defined for space solar cell applications), the AM1.5 spectrum
(the standard for the terrestrial solar spectrum and the standard defined for terrestrial

solar cell applications), and the standard solar spectra of a blackbody at 6000 K.
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Figure 2.1: Different solar spectra: the blackbody spectrum of a blackbody at 6000 K,
the extraterrestrial AMO spectrum and the AM1.5 spectrum. Reproduced from Ref. [12].
The solar radiation spectrum is described by two parameters: spectral photon flux (¢o(F))
and spectral irradiance (I.(E)) [12]. The spectral photon flux (¢g), which is the number
of photons with energy in the range E to '+ dE emitted through unit area per unit solid

angle per unit time, is given by [47]

2F, E?
E) = 2.1.1
(bO( ) h3c2eXp(KBETS)—1’ ( )

where Kp is the Boltzmann constant, h is the Planck constant, ¢ is the speed of light
in vacuum, and the geometrical factor Fj is obtained by integrating over the appropriate

angular range. This range is a hemisphere at the black body’s surface, where F; = m. The
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angular range decreases away from the surface and it is expressed by
F, = 7sin? 04, (2.1.2)

where 0, is the half angle that the radiating body subtains to the flux measurement site.
Ogun = 0.26° for the sun as seen from Earth, Fj is decreased by a factor of 4.6 x 10* to
2.16 x 10~ °7.

The relationship between the photon flux density (¢o(£)) and the emitted energy flux

density, or irradiance, I.(E), is [47]

2R, B
k3 exp (

L(E) = E x ¢o(E) (2.1.3)

E
KBT5> -

The total emitted power density, or 057§, is obtained by integrating Eqn. (2.1.3)) over E,

where og is Stefan’s constant.
B 27T5Ké
~ 15¢2h3°

s (2.1.4)

At the surface, the sun produces a power density of 6.2 x 10” Wm ™2, and this is reduced to
1353 Wm ™2 just outside the Earth’s atmosphere [47]. The irradiance at AMO is I, (AMO0) =
1353 Wm™2.

Solar radiation on Earth is attenuated by the scattering and absorption of solar energy
by air molecules, dust, and aerosols in the atmosphere [I2]. The intensity and spectral
distribution of terrestrial solar radiation vary based on Earth’s location and the Sun’s
position in the sky [47]. The optical air mass is defined as the ratio of the actual path
length of sunlight to this minimal distance as defined by Eqn. . Specific solar
spectra are labeled AMm, (read: air mass m,) [48]. The optical air mass is unity when

the Sun is at its zenith, and the spectrum is known as the air mass 1 (AM1) spectrum
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(Fig. 2.2). When the Sun is at an angle 6, with the zenith, the air mass is given by [12] 48]

Lg 1
mT:_:

L, coslf,]

(2.1.5)

We receive an AM1.5 spectrum, when the Sun is 48.2° from the zenith. The solar spectrum
is attenuated by this air thickness to a mean irradiance of about 900 Wm=2. For the sake
of convenience, the AM1.5 spectrum is normalised to have an integrated irradiance of

1000 Wm™2.

T

/ m, = 1/cose,

/ AMm,

AM1.0

—_—— i ———— — —
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A

Figure 2.2: The schematic of Air Mass.

2.2 Transport Properties

The carrier transport phenomena are the foundation for determining the current-voltage
characteristics of semiconductor devices. Currents are generated by the net flow of elec-
trons and holes in a semiconductor. The movement of these charged particles is known
as transport. There are two main transport mechanisms in a semiconductor crystal: drift
(charge movement caused by electric fields) and diffusion (charge flow caused by density

gradients).
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2.2.1 Carrier Drift

The net movement of a charged particle in reaction to an electric field is called drift. The

net charge drift results in a drift current. The electron and hole drift current densities

are defined by Eqns. (2.2.1) and ([2.2.2)), respectively and the total drift current density

expressed by Eqn. (2.2.3)) [49].

T = qnpiné, (2.2.1)
I = qppyg, (2:2.2)
JUIE = q(npn + pip)é, (2.2.3)

where ¢ is magnitude of the electron charge, n is the number of electrons, p is the num-
ber of holes, i, is the electrons mobility, p, is the holes mobility, and ¢ is the electric
field.

2.2.2 Carrier Diffusion

The diffusion-related particle transport is propelled by a gradient in the concentration of
particles within a semiconductor. Current density resulting from diffusion is proportional
to the gradient in particle concentration. The electron and hole diffusion current densities
are defined by Eqns. and , respectively and the total diffusion current density

is expressed by Eqn. (2.2.6) [49].
JUIT = 4D, Vn, (2.2.4)

J;“ff = —qD,Vp, (2.2.5)

JUT = (D, Vn — D,Vp). (2.2.6)
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The total current due to both drift and diffusion is expressed by Eqn. ({2.2.7))

J = q(DnVn — D,Vp) + q(npn + ppp)S. (2.2.7)

The constants of proportionality, D,, and D,, are referred to as electron and hole diffusion
coefficients, respectively.

A one-dimensional drift-diffusion current density is written as

dn
J, = and_xp + qnpins, (2.2.8)
for minority carrier electron and
dpn
Jp = —qDp~ =+ aPabtple, (2.2.9)

for minority carrier hole.

2.3 Continuity Equation

Any divergence in the current density from any particular point within the material is due
to the differences in particle generation and recombination, as well as variations in the
carrier density at that location. The continuity equation demonstrates this.

The continuity equation for electrons is given by [50]

> 0
V-, =—q(Gp— Ry 8—7;). (2.3.1)
The continuity equation for holes is given by [50]
dp
VoJ =qG,— R, — =), (2.3.2)



16

where G,, and G, are the electron and hole generation rate, respectively, caused by external
influences such as the optical excitation with photons or impact ionization under large
electric fields.
The recombination rates in p- and n-type materials depend on the minority carrier lifetimes
and concentrations. The minority carrier electron recombination rate in the p-region is
defined as [49]

R, = 2t (2.3.3)

where n,, is the total minority carrier electron concentration, n,, is the thermal-equilibrium
minority carrier electron concentration, and 7,, is the minority carrier electron lifetime in
the p-region.

The minority carrier hole recombination rate in the n-region is defined as [49]

R, = PP, (2.3.4)

Tp

where p,, is the total minority carrier hole concentration, p,, is the thermal-equilibrium
minority carrier hole concentration, and 7, is the minority carrier hole lifetime in the

n-region.

2.4 Basics of Semiconductors

When a semiconductor material is exposed to light, it absorbs photons with energies (E)
greater than or equal to the semiconductor bandgap (E,). Electron-hole (E-H) pairs are
produced when the absorbed energy breaks down covalent bonds. Solar energy production
relies on the creation of these E-H pairs. A semiconductor appears transparent to photons
with energy below the bandgap. Photons with energy greater than the bandgap will dissi-
pate as heat. Basically, absorption is the transfer of electrons from the valence band (VB)

to the conduction band (CB). After a long enough period of time, the electrons and holes
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created in the semiconductor material during the absorption process will recombine again.
Impurities and defects in the semiconductor, either on the surface or inside, promote this
recombination process.

In semiconductor materials, photons with higher energy have shorter absorption depths
and are absorbed at shallower depths, while photons with lower energy have greater ab-
sorption depths and are absorbed at greater depths. Assuming that every absorbed photon
results in the creation of one electron-hole pair, the rate at which electron-hole pairs are

generated at a distance x from the semiconductor surface is given by
G(E, v) = a(E)pu(E)(1 — R(E)) expl—a(E)al, (2.4.1)

where «(FE) is the absorption coefficient, ¢o(F) is the number of incident photons per area
per time per unit photon energy, and R(E) the fraction of these photons reflected from
the surface.

The absorption coefficient is a measure of how deeply photons of a specific energy are
absorbed in a semiconductor material. For direct bandgap semiconductors, the absorption
coefficient is given by [51]

o(i) = 0 (2!19@!2){\/ﬁ(mi)?’/Q(E—Eg)”z’] (2) (2.42)

26t 2 e;mocE \ Mo w2h3 3

where €, is relative permittivity, m} is the reduced mass of electron-hole pair, p., the mo-
mentum matrix, £ is the band gap and £ is the photon energy. Here units of £/, and E are
in eV and the unit of o(fw) is 1/um. Figure [2.3|shows a plot of the absorption coefficient
as a function of photon energy for Si and GaAs. Since silicon has an indirect bandgap, the
absorption process involves an additional particle called a phonon. Consequently, there
is a lower chance of light absorption than with direct bandgap materials. As a result, Si
absorption coefficient is lower than GaAs, a direct bandgap material. GaAs and other

direct bandgap materials are therefore desirable for use in optical devices including lasers,
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Figure 2.3: Absorption coefficient as a function of photon energy for Si and GaAs at
300 K. Reproduced from Ref. [52].

photodiodes, and solar cells [52].

2.5 n-p Junction

The semiconductor junction is essential to solar cell operation. When an n-type semicon-
ductor material with donor concentration Np is put in contact with a p-type material of
acceptor concentration Ny, the difference in charge densities on either side of the contact
will cause charges to diffuse across the interface; holes into the n-type region, and electrons
move into the p-type region. Near the interface, almost all dopant atoms get ionised; as
seen in Fig. electrons from the n-region move to occupy acceptor sites in the p-region,
leaving positive stationary ions in the n-region [53]. There is no net current flow in ther-
mal equilibrium because the drift and diffusion currents for each type of carrier exactly
balance. The space-charge area is the region that separates n-type semiconductors from
p-type semiconductors. Since it is essentially depleted of both holes and electrons, it is
also frequently referred to as the depletion area. The regions on each side of the depletion

region are effectively charge-neutral (sometimes referred to as quasi-neutral) if the p-type
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Figure 2.4: n-p junction. Reproduced from Ref. [52].

and n-type regions are thick enough. The built-in voltage, or Vj;, is the electrostatic po-
tential difference that results from the junction creation. It results from the electric field
that the depletion region’s positive and negative space charges produce.

Since there is only one acceptor and one donor level in this scenario, Poisson’s equation

(Eqn. (2.5.1))) governs the electrostatics [54].

V26 = L (n, — p, + N7 — N}), (2.5.1)

880

where ¢ is the electrostatic potential, €. is the electric permittivity of the semiconductor,
Do is the equilibrium hole concentration, n, is the equilibrium electron concentration, N,
is the ionized acceptor concentration, and N is the ionized donor concentration.

A simple one-dimensional (1D) pn-junction is shown in Fig. 2.4} It has a uniformly doped
Np on the n-type side and N4 on the p-type side, with the metallurgical junction at x = 0.
For the sake of simplicity, it is assumed that the dopants are fully ionised and that each
side is nondegenerately doped.

Within the depletion region, defined by -Wy < x < Wp , it can be assumed that p, and
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n, are both negligible compared to | N4 — Np | so that Eqn. (2.5.1)) can be simplified to

W¢:—£Nm for —Wy<z<0 (2.5.2)

sc

Vi = EiNA, for 0 <x<Wp (2.5.3)

sc

Outside the depletion region, charge neutrality is assumed and
Vi =0, for © < —Wy and = > Wp (2.5.4)

This is called the depletion approximation in general.
The built-in voltage, or Vj;, is the electrostatic potential difference across the junction and

may be found by integrating the electric field, or £ = —V¢.

Wp Wp Wp
/ Edx = —/ @dx = —/ dp = (- Wn) — o(Wp) = Vi (2.5.5)

Wn Wn dx Wn

Solving Eqns. (2.5.2), (2.5.3), and (2.5.4)) and defining ¢(Wp) = 0, gives

¢(z) = Vs, r < —Wy (2.5.6)

() = Vi — ‘J;ZD (x+Wy)?, — Wy <z <0 (2.5.7)
¢@y_£%@—M@ﬂ 0<z<Wp (2.5.8)
¢(r) =0, x> Wp (2.5.9)

The electrostatic potential must be continuous at x = 0. Therefore, from Eqns. ([2.5.7))

and (Z55)
qNp .o qNa
_ w2 = 494
2€5c N 2€sc

Vii W32 (2.5.10)
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Here, too, the electric field is continuous since there is no interface charge at the metal-
lurgical junction. Therefore, the derivative of Eqns. (2.5.7)) and (2.5.8) with respect to x
and evaluated at x = 0 gives

NAWp = NpWy. (2.5.11)

Solving Eqns. (2.5.10) and (2.5.11)) for Wy and Wp gives

2 Vi [NAT[ 1 T\ Y2
Wy = A : 2.5.12
N ( g |Np _NA+ND_) ( )

(2.5.13)

2. Vi [Np1[ 1 T\"?
q | Na]|[Na+ Np| ’

where Wp is the depletion width in the p-region and Wy is the depletion width in the
n-region.
The total depletion or space charge region width (1) is the sum of the two components,

or

W =Wy + Whp. (2.5.14)

Using Equations ([2.5.12)) and (|2.5.13]), we obtain

20V [N4 + NpT\ Y2
W= ( 5q b { ;\‘JNDDD , (2.5.15)

where €,. = ¢ is the permittivity of the semiconductor, € is the relative permittivity or
dielectric constant, gq is the permittivity of free space, and Vj; is the built-in potential

barrier and it is given by [53]

(2.5.16)

where T is the temperature of the semiconductor, and n; is the intrinsic concentration of

electrons.
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2.6 Solar Cell Operation

2.6.1 Ideal Solar Cells

When light strikes a solar cell, it creates a voltage and a current that are used to create
electricity. The fundamental processes in a solar cells operation are the generation of light-
generated carriers, the collection of these carriers to produce a current, the establishment
of a high voltage across the solar cell, and the dissipation of power in an external load.

Equation (2.6.1)) provides the current generated by light as [55]
w
Jr = q/ G(z)CP(z)dx, (2.6.1)
0

where Jy, is the light-generated current density, IV is the thickness of the device and C'P(z)
is the collection probability at a depth of x into the material.

The current density—voltage characteristics of a solar cell can be written as [55]

J(V) = Jo(exp[ = 1) —Jp, (2.6.2)

mKBT

where J, is the reverse saturated current density, m is the ideality factor, and Jy, is the
light-generated current density. The current density—voltage behaviour of a solar cell, as
shown in Fig. [2.5(A) is essentially the superposition of the solar cells dark current with
the light-generated current. The J-V curve is moved down into the fourth quadrant where
power can be extracted. Figure (B) shows the equivalent circuit of a solar cell, which
is a current source in parallel with a rectifying diode. The current source represents the
photo-generation of current and the diode represents the radiative recombination within
the cell. The ideality factor and the dark saturation current can be increased to account
for non-radiative recombination in a non-ideal solar cell. Under open-circuit conditions,
the diffusion diode current and the light-generated current cancel each other out and hence

no current flows.
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Figure 2.5: (A) J-V curve of a solar cell and (B) the equivalent circuit of a solar cell.

2.6.2 Losses in Solar Cells

Real solar cells have non-ideal characteristics due to losses that occur in the solar cell.
A schematic that divides the losses into optical and electrical components is presented
in Fig. [2.6] Lattice thermalisation results in a reduction in output voltage and sub-
bandgap losses result in a reduction in output current. More than half of the losses in a
single bandgap solar cell are accounted for these two optical losses alone: thermalization
(29.8%) and below bandgap (25.0%) [21]. The output voltage is also decreased as a result

of recombination losses.

2.6.3 Solar Cell Performance Parameters

Quantum Efficiency

Quantum efficiency (QE) is the ratio of the number of carriers collected by a solar cell
to the number of incident photons at a given wavelength. If all photons of a particular

wavelength are absorbed and carriers collected, then the QE at that wavelength is 1. This
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Figure 2.6: Types of losses in a solar cell.
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is true for an ideal solar cell at all wavelengths. QE depends on the absorbing properties
of the solar cell material and the carrier transport processes within it. The QE for an
ideal and a practical solar cell is shown in Fig. 2.7, The tan/gold square line shown in
Fig. represents a quantum efficiency curve for an ideal solar cell. Although the ideal
form of quantum efficiency is square, recombination factors cause most solar cells quantum
efficiency to be lower. For real solar cell structures, the QE might be reduced by surface
recombination at short wavelengths and bulk recombination at long wavelengths. The
external quantum efficiency (EQE) of a solar cell includes the effects of transmission and
reflection. The internal quantum efficiency (IQE) can be determined from the external

quantum efficiency by measuring the transmission and reflection [55].

J-V Curve

The J-V curve of a solar cell is, perhaps the most important piece of information in
characterizing solar cells. The short-circuit current density (Js.), the open-circuit voltage

(Vie), the fill factor (F'F') and the efficiency (n) can be determined from the J-V curve. It
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Figure 2.7: Quantum efficiency of an ideal solar cell and a practical solar cell. Reproduced

from Ref. [55].

is the convention to invert the current density axis of the J-V curve, bringing it into the

first quadrant as shown in Fig. 2.8

Short Circuit Current Density

The short-circuit current density J,. is the maximum current that can be drawn from
a solar cell and it is achieved at zero voltage. For an ideal solar cell, J,, = J, . The
short-circuit current density Js. depends on the QF and the intensity and spectrum of the

incident light. This dependence is interpreted as [50]
Ji=a [ eNQE)I (263
0

where ¢g()) is the photon flux (m=2s Inm™!)
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Figure 2.8: J-V curve of a solar cell, showing the short-circuit current density (Js. ) and
the open-circuit voltage (V. ).

Open Circuit Voltage

The open-circuit voltage (V,.) is the maximum voltage available from a solar cell and it
is achieved at zero current. V,. depends on J,. and J, . J typically has small variation
whereas .J, may vary by orders of magnitude. Since J, depends on recombination, V,. can

be seen as a measure of the recombination in the solar cell. The V. is given by [55]

nKBT Jsc
V., = n( 2 41). 2.6.4
q n( e ) (2.6.4)

Fill Factor

The fill factor (F'F) is the ratio of the maximum power that can be extracted from a solar

cell to the product of the Jy. and V. as shown by [55]

Vin
FF = = 2.6.5
Voe' (26.5)
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Figure 2.9: J-V curve showing the maximum power point.

where J,, and V,, refer to the current density and the voltage at the maximum power
point. The fill factor is a measure of the p-n junction quality and series resistance of a
solar cell. The maximum power point is also an important parameter and it is graphically
represented in Fig. 2.9f The maximum power density (P,,) that can be extracted from a

solar cell can then be calculated by

Pm = vam = Jsc‘/ocFF- (266>

Efficiency

Efficiency (n) is defined as the ratio of energy output from a solar cell to the input in-
cident solar energy. It is perhaps the most commonly used parameter for a solar cell.
Measurements of efficiency for terrestrial cells are usually done with the AM1.5 Global

solar spectrum at 25 °C'. The efficiency can be described as [53]

Py JWVeFF
=P, PB.

(2.6.7)
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Figure 2.10: Limiting efficiency for single bandgap solar cells as a function of bandgap
under the AMO0 and AM1.5 global spectrum. Reproduced from Ref. [55].

where P, is the input power density which is 1000 Wm =2 for the AM1.5 Global spectrum.
The limiting efficiency of singe bandgap cells as a function of bandgap for the AMO
and AM1.5 Global spectrum is shown in Fig. [2.10] with some semiconductor materials
highlighted. The maximum efficiency occurs at about 1.37 eV which is close to the bandgap
of GaAs (1.43 eV).

2.7 n-p Junction Solar Cell Under Illumination

Figure[2.11]illustrates the n-p junction under illumination. The quasi-neutral region of the
n-type, extending from the exposed surface at x = 0 to the edge of the depletion region
at x = z,, — W,, and the quasi-neutral region of the p-type, extending from the edge of
depletion region at x = x,, + W), to the back surface at * = z,, + x,. W,, and W), are the
depletion width in the n- and p-regions, respectively.

In the case of an abrupt n-p junction (Fig. [2.11)) with uniform doping on both sides, no

electric fields exist beyond the depletion region. Photogenerated carriers in these regions
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Figure 2.11: n-p junction under illumination

are collected by a diffusion process while that in the depletion region by drift process.
Three regions comprise the collection of photogenerated carriers: the top neutral region,

the depletion region, and the substrate neutral region.

2.7.1 Emitter Photocurrent Density

We concentrate on the diffusion of minority carrier holes in order to construct an expression
for the component of the photocurrent that results from the generation in the emitter quasi-
neutral region. Under a low-injection and steady-state conditions, the one-dimensional

continuity equation for the minority carrier holes in the emitter (n-type layer) is calculated

by combining Eqns. (2.3.2) and (2.3.4]). The result is given as

Pn — Pno 1de
G,—|———— | ——-—7—=0. 2.7.1
8 ( Tp ) q dx ( )

Assuming that there is no electric field outside of the depletion region, the photocurrent
in the n-side is thus solely contributed by diffusion current. Equation (2.2.9)) is therefore

simplified to

dpn
J, = —qu(%) (2.7.2)
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For the top n-side of the junction, Eqns. (2.4.1)), (2.7.1)), and (2.7.2)) can be combined to

yield an expression:

d2pn Pn — Pno
DPW + ago[l — R] exp[—azx] — (T—p> =0. (2.7.3)

The general solution to Eqn. (2.7.3)) is

ﬁ] _adll — A7,

i] + Bsinh| L exp|—aux], (2.7.4)

n noZA h
=P cosh - L, a2—1

where L, = 1/D,7, is the diffusion length, A and B are constants. The constants A and
B in Eqn. (2.7.4)) are obtained by applying the following two boundary conditions (Eqns.

£73) and 27.0)) [56.

1. Surface recombination with a recombination velocity of S, occurs at the surface:

D d<pn - pno)

b = Sp(Pn — Pno) at x = 0. (2.7.5)

2. The electric field in the depletion region causes the excess carrier density to be small

at the depletion edge:

Pn — Pno = 0 at x = x, — Wn (276)

The hole density is computed by using these boundary conditions in Eqn. (2.7.4). Equa-
tion (2.7.2)) is utilised to compute the hole photocurrent density as a function of photon

energy at the depletion edge of the n-emitter region (z = x, —W,,). The result is as follows

Jp(E)

_ [ao(E)[1 - R(E)]ap] [(bp +a,) — By exp[—az;] ayexpl—az]|,  (2.7.7)

21 %
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where ¢ is the absolute value of the electronic charge, a, = al,, b, = SELP”, gl =
ﬂ . 33_] D _ . 33_] I_j _ . . .

bp cosh[72] + sinh[72], f; = bpsinh[72] + cosh|72], L, = /Dy, is diffusion length of

holes, S, is surface recombination velocity of holes, D, is diffusion constant of holes, 7, is

minority carrier life time of holes, and z; = x,, —W,, is the quasi-neutral width of n-region.

The total hole photocurrent collected from the n-region is equal to

= / " J(E)dE. (2.7.8)

P
EQ

2.7.2 Base Photocurrent Density

A similar method to that outlined for the hole current in the emitter can be used to
calculate the photocurrent resulting from the minority carrier electrons generated in the
base. The one-dimensional continuity equation minority carrier electrons in the base (p-

type layer) under low-injection and steady-state conditions is obtained by combining Eqns.

(2.3.1) and (2.3.3), and it is presented as

n, —n 1dJ,
G,— | 2—2)--—"=0. 2.7.9

( Tn ) q dx ( )
Assuming that there is no electric filed outside of the depletion region. As a result, the

photocurrent in the p-side is only contributed by the diffusion current. Consequently, Eqn.

(2.2.8) is simplified to

J, = qD, (%) (2.7.10)

For the bottom p-side of the junction, Eqns. (2.4.1)), (2.7.9)), and (2.7.10)) can be combined

to yield an expression:

2

d“n Ny — Mo
DnW;’ + apo[l — R] exp|—azx] — (pT—np) = 0. (2.7.11)
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The general solution to this equation is

i] _ag[l — RJ7,

i] + Dsinh] = exp|—auz], (2.7.12)

np—npochosh[L 7 277 1

where L, = +/D,7, is the diffusion length of electrons, C' and D are constants. The

constants C' and D are calculated by applying the following two boundary conditions

(Eqns. (2.7.13) and (2.7.14])) [56].

1. Surface recombination occurs at the surface, with a recombination velocity of .S,,:

d(ny — Npo)

- D,
dx

= Sp(ny — Npo) at x = x, + ). (2.7.13)
2. The excess carrier density near the depletion edge is low due to the electric field in

the depletion region:

Ny — Npo = 0 at x = x, + W,. (2.7.14)

The electron density is computed using these boundary conditions in Eqn. . Equa-
tion is used to compute the electron photocurrent density that is collected at the
depletion edge of the p-base region (z = x, + W,) as a function of photon energy. The
result is given as

_ [e6(B)1 ~ R(B)a,

2 _
a; —1

_ BT+ (an — by) exp (—aH")
5y ’
(2.7.15)

Jn(E) exp (— afz; + W) |an
where a, = alL,, b, = S]g—i", By = by, cosh[f—n] + Sinh[f—n], By = by, sinh[f—n] + COSh[f—n],
L, = +/D,1, is diffusion length of electrons, S, is surface recombination velocity for
electrons, D,, is diffusion constant of electrons, 7, is minority carrier life time of electrons,
W = W, + W, is the width of the space-charge region and H "= x, — W, is the quasi-

neutral width of p-region.
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The total electron photocurrent collected from the p-region is equal to

JP = /OO Jo(E)dE. (2.7.16)

Eq

2.7.3 Depletion Region Photocurrent Density

It is reasonable to suppose that the built-in field separates all carriers generated in the
space-charge layer. Therefore, we can take into account either electrons or holes when
determining the current resulting from photogeneration in this region. We can suppose
that the carriers are swept out of the space-charge region so quickly that there is no
chance for recombination to occur, which makes the derivation considerably simpler than
for the photocurrents in the quasi-neutral regions. Consequently, using electrons for our
derivation

———=0. 2.7.1
Gp = =2 =0 (2.7.17)

The generation rate in the space-charge region is written by taking in to account the

attenuation of light in the n-region
Gp(E,x) = ag[l — R| exp[—az;] exp[—a(z — z;)]. (2.7.18)

The photocurrent generated inside the space-charge region as a function of photon energy

is calculated using Eqn. (2.7.17)) and it is given by
Ij+W

Evaluating Eqn. (2.7.19)) gives

ip(E) = q¢o[l — R]exp[—ax;][1 — exp[—aW]], (2.7.20)
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The total photocurrent can be harvested from the space-charge region is

T = / i (B)E. (2.7.21)

Eq

2.8 n—p Junction Solar Cell in the Dark

2.8.1 Recombination Current Densities in the Quasi Neutral Re-
gions

A forward bias causes the built-in potential barrier of the junction to decrease and more
majority carriers to diffuse across the junction in the dark. This results in a net flow
of electrons from n to p and holes from p to n. This process is occasionally denoted as
the majority carrier injection. Because the quasi Fermi levels in the space-charge region
(SCR) are split by the applied bias, there is net recombination in that region which adds
to the current. Under these circumstances, Eqn. is modified to

d2pn Prn — Pno
D = . 2.8.1
P dx? < Tp ( )
and Eqn. (2.7.11)) is reduced to
p, L _ (M= T (2.8.2)
"dx? Tn ' o

Equation (2.8.1)) can be solved using the following boundary conditions (Eqns. (2.8.3]) and

2 %
Pn = Pro = ~— (GXP [ d ] - 1) at v =x, —W,, (2.8.3)

Pn — Pno = 0 at x = —o0. (284)
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Similarlly, Equation (2.8.2)) can be solved by applying the following boundary conditions

(Eqns. €85) and (25))

2 %4
Np — Npo = ;—; (exp lngT] - 1) at =z, + W, (2.8.5)
Np — Npo = 0 at x = oo. (2.8.6)

The recombination current density component due to the diffusion of minority carriers

holes in the n-region is calculated by

) d Pn — Pno
Ttk = —qu((—))- (2.8.7)

p dx

Minority carriers hole recombination current density at x = z,, — W,, is calculated as

2

i qn; D qV

J;{dfaj;k = L—]\/va (exp |:KBT:| — ]_> . (288)
p

The recombination current density component due to the diffusion of minority carriers

electrons in the p-region is calculated by
. d(n, — ny,
Trdark = aDn (—(np o )). (2.8.9)

Minority carriers electron recombination current density at z = z,, + W, is calculated as

2
dgirf 41 Dn qV
= — —1]. 2.8.1

The total recombination current density due to diffusion of minority carriers in the n- and

p-regions is given by

; v
JIT = Joy <eXp {I?BTl - 1), (2.8.11)
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where Jy; is the reverse saturated current due to diffusion of minority carriers and it is

given by
D D,

d . 2.8.12
L,Np + LHNA) ( )

Jo1 = qnf(

2.8.2 Recombination Current Density Within the Depleted Re-
gion

If the dominant recombination process is Shockley Read Hall (SRH) recombination through

trap states then, we use

Tn+Wp _ 2
Jree, = / i dz, (2.8.13)
enw, Tu(D+ D) + (0 +ny)

where n; is the value of the electron density when the electron Fermi level is equal to the
trap level, and p; is the value of the hole density when the hole Fermi level is equal to the
trap level.

The recombination current density from the depletion region given by Eqn. has

the approximate form [47]

Tec qv
dark — JOQ (eXp |:2KBT:| - 1), (2814)

where Jyo is the reverse saturated current due to SRH recombination and it is given by

Jop = — . (2.8.15)

2.8.3 Total Recombination Current Density

The total recombination current density is defined as

iark = Jiutts + Tesi (2.8.16)



37

Vv Vv
Jaark = Jo1 (GXP {;BT] — 1) + J02<€XP [Q}CI(BT} — 1)- (2.8.17)

In indirect gap materials like silicon, diffusion lengths are long compared to the depletion
width and very little recombination occurs in the depleted region, so Jj5r, can be ignored.

In that case we have

V
Jaark = Jo1 (eXp L?BT} - 1). (2.8.18)

This is the Shockley or ‘ideal” diode equation and is often quoted for the dark current of
a solar cell.
In direct band gap materials where absorption is strong or where the SCR is wide, recom-

bination within the depleted region may be dominant. Then

1%
Jadark = Jo2 (eXp {Nq(BT} - 1). (2.8.19)

If more than one process is important then Jg,,r may appear to vary like

Jaark = Jo(exp {mi(‘;T] - 1), (2.8.20)

where Jj is a constant and m is the ideality factor. An ideal diode has m = 1. In real
cells we often see a change in slope from JJ¢, dominating at low bias (m = 2), to JC‘Z{,’:

at high bias (m = 1).

2.9 Intermediate Band Solar Cells

The basic structure of an IB solar cell comprises an IB material inserted between p- and
n-type conventional semiconductors [57]. The IB splits the overall bandgap E, into two
sub-bandgaps, E;, and EFy. The lowest energy level, E}, is often the one dividing the 1B
from the CB (inset in Fig. 2.12)). Through more efficient use of the solar spectrum, the

intermediate band solar cell (IBSC) can surpass the Shockley-Quiesser efficiency limit of
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Figure 2.12: Photon absorption process and quasi-Fermi level split in an IB solar cell.
Reproduced from Ref. [57].

30% for a single junction solar cell [58]. As was previously noted, sub-bandgap photon
losses are one of the main losses in single bandgap solar cells. In order to increase the
efficiency of solar cells, it is imperative to capture the low energy infrared portion of the
solar spectrum, which makes up a significant portion of the spectrum.

The IBSC idea is depicted in Fig. Sub-bandgap photon absorption is made possible
by the intermediate band (IB) within the semiconductor bandgap. Apart from the stan-
dard photon absorption process involving electron transitions between the VB and CB,
there exists another photon absorption process that involves transitions between the VB
and IB, followed by the IB and CB. Each band has a distinct quasi-Fermi level because
carrier relaxation between bands occurs much slower than carrier relaxation within bands:
FErc, Epy, and Ep; (dashed blue lines in Fig. [57]. The additional photon absorp-
tions should increase the photocurrent without lowering the output voltage in order to
achieve the efficiency improvement predicted by the IBSC concept. This requires distinct
quasi-Fermi levels for each of the energy bands. The quasi-Fermi levels for electrons (Erc
) in the CB and holes (Ery ) in the VB, divided by the electron charge, yield the voltage
obtained from the IBSC.
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Figure 2.13: Limiting efficiency for an intermediate band solar cells and a double junction
tandem solar cell as a function of the lowest bandgap energy. The limiting efficiency of
a single bandgap solar cell is also included for comparison. The numbers on the plot

represent the highest bandgap in the intermediate band and tandem cells. Reproduced
from Ref. [22].
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Figure[2.13|illustrates the calculated limiting efficiency as a function of the lowest bandgap
for an IBSC and a two-terminal tandem solar cell [22]. In comparison to a two junction
tandem cell and a single bandgap cell, the IBSC was found to have a full concentration
blackbody spectrum limiting efficiency of 63%. The best bandgaps for an IBSC to be im-
plemented are Eqoy = 1.93 eV, Ey; = 1.23 eV, and Ejc = 0.7 eV, as can be seen in Fig.
These calculations are predicated on the suppression of non-radiative recombination,
the absence of ohmic losses, the cells temperature of 300 K, and the illumination provided

by an isotropic photon gas at 6000 K.

2.10 Quantum Dot Intermediate Band Solar Cells

For the purpose of implementing the IBSC, several IB materials have been suggested.
These include T, Gay_, P [59], Cr-doped II-VI compounds [60], and transition meta-doped
chalcopyrite-type semiconductors [61]. To our knowledge, the first bulk IB solar cell was
made utilising ZnTe doped with oxygen impurities in order to form the IB [62] [63].
Despite having a lower output voltage than the reference cell, the cell produces a higher
current and has a higher efficiency. The quantum efficiency of the oxygen-doped cell clearly
demonstrates sub-bandgap absorption.

On the other hand, it was proposed that nanotechnology be used to build the required
IB [26]. Quantum dots (QDs) are nanoscale semiconductor material clusters that confine
carriers in three dimensions. Due to the complete size quantization of electronic levels in
the QDs [64], which results in a density of states like a delta function. QDs achieve three-
dimensional potential wells that ideally isolate the IB from the CB, making them essential
(or at least preferred) for IB solar cells over other low-dimensional structures like quantum
wells or wires [20, 57]. To facilitate the creation of distinct quasi- Fermi levels, these
discrete density of states have the ability to produce a zero density of states between the IB

and the CB [65]. In particular, as shown in Fig. [2.14] narrowly spaced quantum dot arrays
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Figure 2.14: IB formation in QD arrays. Reproduced from Ref. [26].

may generate the necessary band [26]. Typically, the QDs are positioned in the intrinsic
region of a p-i-n solar cell structure and embedded in a barrier material with a larger
bandgap. The confined electron levels within the potential well established as a result
of the conduction band offset between the barrier and the dots create the intermediate
states in QD IBSCs. Figure gives an illustration of this. Material systems including
GaSb/GaAs [66], In(Ga)As/GaAs [33],34], 35, 67, [68], and InAs/GaNAs [69] have provided
evidence for the fundamental concepts of QD IBSC. Numerous experimental findings [33]
341, 35, 36, 37, 38, 39, 140} 4T}, [42] of QDSC demonstrate that there is a loss in open circuit
voltage and conversion efficiency but an increase in short circuit current density when
compared to reference cells. Few QDSC experimental findings [70, [71] demonstrate an
improvement in short circuit current density and conversion efficiency despite a drop in

open circuit voltage, in contrast to reference cells.
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2.10.1 Evidence for the Concept of Intermediate Band Solar Cell

Using Quantum Dots

Adequate experimental evidence has already been shown for sub-bandgap photocurrent in
IBSCs. The QE measurements for an InAs QD IBSC and a single junction GaAs cell are
presented in Fig. 2.15] As can be indicated photons are absorbed by the IBSC below the
GaAs bandgap, but the reference cell only absorbs above the GaAs bandgap. It has been
demonstrated that the sub-bandgap photon absorption in the present InAs/GaAs QD
IBSCs is mostly caused by photon excitation of electrons from the VB to the IB. Thermal
escape and tunnelling mechanisms cause the IB-CB transition [72]. This cannot result in
the great efficiency anticipated since it is incompatible with the IBSC model. It takes a
second sub-bandgap photon transition to supply the energy needed to maintain the output
voltage. It has been shown that there are two sub-bandgap photon transitions (VB-IB and
IB-CB) in an IBSC at 6K [73]. The purpose of the low temperature is to reduce thermal
escape. Although two-photon absorption was initially only seen at low temperatures for
the majority of QD IBSC, a recent work has shown evidence of two-photon absorption
for an InAs/GaNAs QD IBSC at room temperature [74]. These promising results were
obtained by direct Si-doping of the QDs in the QDSC structure rather than d-doping the

inter-dot layer.

2.10.2 InAs/GaAs QD Solar Cells

The InAs/GaAs QD material system has been used extensively as a test subject to vali-
date the QD IBSC’s operating principles. The InAs/GaAs QD material system has been
employed mostly because it is relatively well known, rather than because it has the opti-
mum band alignments for an intermediate band solar cell. Having stated that, knowledge
gained from this material system can be transferred to other situations.

Even though these solar cells don’t have ideal bandgaps, simulations indicate that high
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Figure 2.15: Comparison of the normalised quantum efficiency of a GaAs solar cell and a
QD IBSC. Reproduced from Ref. [75].

illumination concentration produces efficiencies higher than single junction solar cells.
This is because, in contrast to the CB-VB transition, recombination increases more slowly
across the IB [75]. The sizes, shape, and composition of the quantum dots materials will
determine the intermediate band position. The size distribution of the QD and the sepa-
ration between dot layers determine the width of the IB [76]. These solar cell architectures
frequently exhibit two narrowly separated peaks in their photoluminescence, one of which
corresponds to the VB-IB transition and the other to the VB-CB transition. The absence
of a third peak indicates that the second sub-bandgap transition (IB-CB) is not occurring
optically, as would be predicted from the luminescence signature of intermediate band
materials. In an InAs/GaAs material system, the wetting layer beneath the QDs causes
the formation of an energy level below the CB, which forms a continuum with it and re-
duces the solar cell’s effective bandgap. A quasi-continuum of states is formed in the VB
by closely spaced confined levels because the effective mass of holes is larger than that of

electrons [76]. The total bandgap of the InAs/GaAs solar cell is limited to roughly 1.3 eV’
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by this VB offset in addition to the gap shrinkage in the CB due to the wetting layer
[75]. The energy differential between the IB and the CB, which in this instance is around
~ 0.3 eV [77], then becomes another issue. Because of the small energy gap, electrons

can easily thermalize into the CB rather than being drawn there by photons.

2.11 Multi-Junction Solar Cells

The most efficient solar cells available right now are multi-junction solar cells (MJSC),
sometimes known as tandem cells [78]. Over a 30-year period, monolithic III-V MJ cells
(for concentrator cells and modules) have shown impressive growth, with efficiency in-
creasing from 31.8% to 47.6% [79]. Since concentrators make MJSCs more affordable,
they have gained acceptability for usage in terrestrial applications despite their original
development for space purposes [80]. Their exceptional efficiency can be attributed to a
particular design that enables the solar cell to selectively absorb light from various wave-
lengths of the sun. A MJSC is made up of series-connected p-n junction solar cells, with
the greatest bandgap solar cell positioned at the top and the smallest at the bottom. A
tunnel junction connects the different cells, as seen in Fig. [2.16(b). To achieve high ef-
ficiency in the MJSC, bandgaps must be distributed and allocated effectively. Different
[II-V compound semiconductors can be alloyed to provide a wide range of bandgaps (Fig.
2.16(a)). It’s critical to make sure extra current isn’t squandered because the MJSC’s
lowest current-producing cell sets the overall cell’s current. The hunt is on to discover a
1.0 eV bandgap material, such as InGaP/GaAs/Ge, that may be placed in the current
limiting region of a MJSC in order to increase efficiency and short circuit current. Detailed
balance calculations have demonstrated that spectral adjustment of MJSC via quantum

dots may result in higher efficiency [81].
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Figure 2.16: (a) Bandgaps of semiconductors shown on the AM1.5 spectrum and (b) a
schematic of the multi-junction solar cell structure. Reproduced from Ref. [82].



Chapter 3

Theoretical Modelling of Quantum
Dot Solar Cells

3.1 Introduction

Intermediate band and multi-junction solar cells approaches are the simplest and most
effective methods for increasing the photo-generated current density and efficiency of so-
lar cells by absorbing low-energy photons. Quantum dots, which are low-dimensional
semiconductors, have been suggested as an intermediate band to ensure that the inter-
mediate solar cell technique operates properly. Using the well-known stacking technique
in the Stranski-Krastanow growth mode [83], a high-density array of QDs can be pro-
duced. The vertical alignment of QDs is typically caused by the strain fields of the lower
QDs layer extended into the barrier material. Electronic states can take on a wire-like
character because of the strong vertical coupling between QDs [84]. Consequently, chan-
nelling the electrons and holes through the coupling between aligned QDs can result in
high internal quantum efficiency for the collection of carriers photoexcited in the QDs.
This phenomenon makes it possible to effectively separate and inject the electrons and

holes generated by QDs into nearby p and n regions. Section describes the model of

46
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InAs/GaAs QDSC and methods used to investigate the dependency of QDSC parameters
on the number of QD layers, size, and size dispersion of QDs. Section discusses the
model of Gag 511n0.49P/GaAs/Ge triple junction quantum dot solar cell and methods used

to investigate the impact of inserting InAs QD in the middle subcell.

3.2 InAs/GaAs Quantum Dot Solar Cell

A theoretical model of an InAs/GaAs quantum dot solar cell is designed by embedding
InAs quantum dot multi-layers in the intrinsic region of the n* —i — p* GaAs structure.
This theoretical model include realistic estimates for the light absorption, photocurrent
generation in p- and n-type GaAs regions and InAs/GaAs QDs i-region, as well as the
surface and bulk minority-carrier recombination and junction generation-recombination
currents. For an abrupt junction with uniform doping on both sides, no electric fields
exist beyond the i-region. Photogenerated carriers in the n- and p-regions are collected
through diffusion, whereas those in the i-region are collected via drift. We use the diffu-
sion of minority carrier holes and electrons to calculate the photocurrent generated in the
n- and p-regions. The photogenerated carriers in the i-region are a combination of those
from the GaAs barrier and InAs quantum dots. To calculate photocurrent generated and
collected by barrier GaAs and InAs QDs, a strong electric field in the i-region is assumed.
Therefore, photogenerated carriers are swiftly swept out of the i-region, preventing recom-
bination from occurring. The dark current density is calculated using minority carrier
diffusion at the depletion layer borders and thermal emission within the i-region.

Numerical simulations are utilised to investigate the dependency of InAs/GaAs QDSC
parameters on the number of QD layers, as well as the impact of cubic and spherical
InAs QD size and size dispersion on the absorption coefficient, photocurrent, and power

conversion efficiency of the InAs/GaAs QDSC.
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3.3 GaysIngwP/GaAs/Ge Triple Junction Quantum Dot

Solar Cell

This dissertation’s theoretical model of a triple-junction quantum dot solar cell includes
n/p Gags1Ings9P as the top subcell, n™ — i — p™ GaAs with InAs QDs in the i-region
as the middle subcell, and n/p Ge as the bottom subcell. The photocurrent and dark
current densities for each subcell are computed analytically. The drift-diffusion process
yields an equation for the photocurrent densities generated and collected in the top and
bottom subcells. The dark current density for the top and bottom subcells are calculated
based on minority carrier diffusion at the depletion layer margins and depletion-region
recombination current density (SRH recombination). The photocurrent and dark current
densities for the middle subcell (InAs/GaAs QDSC) are identical to those described in
Section 3.2l

The current density of a triple-junction quantum dot solar cell is calculated numerically
utilising the current densities of its three subcells. The open circuit voltage of a triple-
junction quantum dot solar cell is the sum of the open circuit voltages of each subcell,
while the short circuit current density is the lowest of the subcells. To accomplish current
matching among the three subcells, doping concentration, subcell thickness, and InAs QD
size are numerically simulated. The influence of introducing an InAs quantum dot in the
middle subcell of a triple junction Gags11n049P/GaAs/Ge solar cell is investigated using

numerical simulations of the J-V curve.



Chapter 4

Dependence of Quantum Dot Solar
Cell Parameters on the Number of
Quantum Dot Layers

4.1 Introduction

The sun energy is one of the most promising renewable energy sources [12]. A solar cell
can convert the sun energy into electrical energy. Conventional solar cells have a big
loss of energy because of the spectral mismatch between the bandgap of a semiconductor
material and the energy distribution of photons in the solar spectrum [32]. Photons with
energies lower than the energy bandgap of absorber material are not absorbed and cannot
generate electron-hole pairs [I2]. This loss of energy caused by spectral mismatch can
be minimized by using the intermediate band solar cell (IBSC) concept [22]. The idea of
IBSC photovoltaic is exciting electrons by two-step over a semiconductor band gap with
the help of intermediate band [23]. Using low-energy photons with the concept of the
intermediate band method enhances the maximum detailed balance efficiency from 40.7%
to 63.1% [22]. To obtain the operating principles of IBSC, a confined levels of quantum
dot (QD) was proposed [26], 27]. The proof of obtaining three distinct quasi-Fermi levels
[28, 29] and the generation of photocurrent by absorption of photons laying under the
semiconductor band gap [26, 28, 29, [30], which are the pillars of IBSC principles, has

attracted the interest of many researchers in the field of quantum dot solar cells (QDSC).
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Previous experimental reports [85] on quantum well solar cells revealed that embedding
up to 50 layers of InGaAs quantum wells in the i-region of a p-i-n GaAs cell structure
increases photocurrent and cell efficiency but decreases the open circuit voltage. However,
in [80] it was reported that increasing the number of wells from 50 to 65 leads in a drop
in cell efficiency. Another experimental report [66] revealed that the inclusion of 10 stacks
of GaSb QDs in the i-region of GaAs-based solar cells significantly improves the spectral
response. This cell has a higher short circuit current and a lower open circuit voltage than
the cell without QDs. Abiseka [87] experimentally showed the influence of the thickness of
the absorber layer on the efficiency of PbS QD solar cell. It was found that a device with
absorber layers 240 nm thick performed the best, with increasing thickness leading to a
reduction in efficiency. Takeyoshi [36] also reported that increasing the number of stacked
layers to 150 increases the external quantum efficiency and short circuit current density
of multi-stacked Ing4GaggAs QD solar cells. Similarly, an experimental report [38] using
Ing4GageAs/GaAs QD solar cells reveals that increasing the number of QD layers from
10 to 30 and 50 results in an increase in short circuit current density and a decrease in
open circuit voltage and efficiency.

Quantum dot solar cells short circuit current density, open circuit voltage and efficiency
are highly dependent on the dot parameters, QDs areal density, QDs volume density
[88, B9] and number of QD layers [90]. Experiments to determine the influence of the
number of QD layers on the cell efficiency are currently underway. Here, we focus on
brief theoretical analysis of the dependency of QDSC reverse saturation current, short-
circuit current, open-circuit voltage, fill factor, and efficiency on the number of QD layers.
Previous theoretical model [90] used different-sized QDs in different layers of the structure,
but each layer has the same-sized QDs. The present study uses periodically distributed
same-sized QDs in all layers in order to maintain only one electron confined state in all QD
layers. Furthermore, our theoretical model presents the effect of the number of quantum

dot layers on the solar cell parameters in a more simplified and general form than other
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model [90], which use the carrier emission and capturing process in the multilayer QD
region, requiring complicated numerical calculations.

Our theoretical model of QDSC is presented in Section 4.2} In this section, we discuss the
photocurrent generated and collected in the device, and then the efficiency of quantum dot
solar cell. By means of equations derived in Section [.2] the detail analysis of the impact
of the number of quantum dot layers on QDSC parameters are presented in Section

Section [4.4] concludes our findings.

4.2 Model

Figure [4.1illustrate the model of InAs/GaAs QDSC used in this theoretical study. In this
model InAs QD multi-layres are inserted in the intrinsic region of the n* —i — p* GaAs
structure. To a first approximation the depletion approximation can be used to calculate
the current-voltage characteristics of an n™ — 7 — p* junction solar cell. We considered a
structure with n, ¢, and p layer thicknesses x;, Wp, and H "and set z = 0 at the front

surface of the cell. The p and n doping densities are Ny and Np, respectively. Because
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Figure 4.1: Quantum dot solar cells model.

the doping levels in the p and n regions are so much higher, then the depletion widths

within the p and n regions are very small and can be neglected. Then, the space charge
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region thickness is equal to the i-region thickness.
The net current is given by the sum of J, and J, at any point and is constant through

the device in steady state. Evaluating J at z;, we find

J = /jp(xj,E)dE—i—/jn(mj—I—WD,E)dE—i—/ji(E)dE (4.2.3)

4.2.1 Photocurrent Calculation of QDSC

The photocurrent generated and collected in the neutral n- and p-regions of QDSC model
indicted as Fig. [4.1] are similar to the analysis of the n—p junction in Chapter [2] with minor
modification. Wn = 0 and Wp = 0 for hole and electron photocurrent expressed in Eqn.
and Eqn. (2.7.15), respectively. Therefore, the total hole photocurrent collected
from the n-region is similar to Eqn. and the electron photocurrent collected from
the p-region is similar to Eqn. (2.7.16)).

The photocurrent generated and collected from the i-region is the sum photocurrent gen-
erated and collected from the InAs quantum dots and the GaAs barrier region.

To calculate the photocurrent generated and collected from the QD ensembles, we can

write the generation term as [91].

Gp(E,z) = agp(E)¢o(E)[1 — R(E)|exp [ — agp(E)(z — )], (4.2.4)

where agp(E) is the absorption coefficient of QD ensemble, ¢y is the photon flux and
R(FE) is the surface reflection coefficient.

The quantum dot photocurrent generation as a function of photon energy is calculated
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from

z;+nSQp

J

The integral in Eqn. (4.2.5)) gives
ip(E) = q¢o[1 — R(E)][1 — exp [~aqgp(E)mSgp]], (4.2.6)

were n; is the number of QD layers and Sgp is the size of a single QD and defined by
Sop = ap and Sgp = 2R for cubic and spherical QD, respectively.

The total photocurrent collected from the quantum dot is given by

Ip = / " o(E)E. (4.2.7)

Egp

where Egp is the QD energy band gap and E, is the bulk material energy bang gap.
Now, let consider the volume of single QD is Vp and the volume density of QDs is np
(number of QDs per volume of i-region). Then, the total volume of i-region can be written

as

V:L'—'region - (NQD>(VD) + %a'rrie'r; (428)

where Vi_,¢gion is the total volume of i-region, Vigrrier is the volume of i-region without

QDs, and Ngp is the total number of QDs in the i-region. The volume density of QDs

Nop

‘/i—region

Dividing both side of Eqn. (4.2.8) by Vi_,egion gives

can be defined as np =

Varrier
1= (np)(Vp) + V”— (4.2.9)
i—region
Vi rrier
Therefore, the fraction of i-region volume not occupied by QDs become barrier 1 _

i—region

VDnD.

The generation rate in the barrier region is written by taking in to account the attenuation
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of light in the n-region and the fraction of i-region not occupied by quantum dots [91]

Gp(E,z) = ¢o[l—R(E)] exp [—a(E)z;][(1-npVp)a(E)] exp [ — [1 — npVp]a(E) (z — z;)].
(4.2.10)

The barrier photocurrent generated inside the i-region as a function of photon energy is

zj+Wp
iB(E) = q/ Gg(E,z)dz, (4.2.11)

J

where Wp is the width of the i-region. Evaluating Eqn. (4.2.11]) gives
iB(E) = q¢o[1 — R(E)] exp [—a(E)x;][1 — exp [—(1 — Vpnp)a(E)Wp]]. (4.2.12)
The total photocurrent can be harvested from the barrier region is

Ty = / " in(B)dE. (4.2.13)

Eq

For trap free i-region, the photocurrent generated by light of a given photon energy in the

i-region equals the sum of Eqns. (4.2.6) and (4.2.12])

Ji(E) = js(E) + jp(E). (4.2.14)

From Eqns. (4.2.7) and (4.2.13) total photocurrent collected from i-region is given by

J, = / T in(B)E + / " o(B)dE. (4.2.15)

Eq Eqp

From Eqns. (2.7.8), (2.7.16) and (4.2.15]) the short-circuit current density of the cell is

write as

where f; = 1 is the transport factor.
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4.2.2 Efficiency Calculation of QDSCs

The behavior of a solar cell is modeled by using the standard superposition approximation

of an ideal diode equation. The current density is expressed as [47]

V)= Ju— J, [exp (K‘];/T> - 1}, (4.2.17)

where J, is the total reverse saturated current, T, is the temperature of the solar cell and
Kp is Boltzmann’s constant.

The reverse saturation current of the junction (.J,) represents the contribution of minority
carriers generated at the depletion layer edges (Js1) and in the i-region (J52) due to thermal

excitation as given by Eqns. (4.2.20) and (4.2.21]), respectively [91]. Such a current is

controlled by the band gap of GaAs (E,p) and average band gap of the i-region (E.yy).
Eepr = (1= Vpnp)Eyp + (Vonp) Egp, (4.2.18)

where E,p is the band gap of QD and it is given by [92]

m2h?

E,p = FE,(InAs) + —, 4.2.19
gD g( nAs) 2R ( )

where p is effective mass of electron-hole pair, £ (InAs) is the band gap of bulk InAs and
R is the average radius of spherical QDs.

The contribution of minority carriers generated at the depletion layer edges (Js1) is ex-

pressed as
Jg = Aexp (— Eos ) (4.2.20)
3 vKgT.”’ o
. . . D, D,
where v = 1.2 is the ideality factor [91], A = qNUNC( + ) Here, N, and N,

NyL, NpL,
represent the valance and conduction band effective density of state in bulk, respectively.

While N4 and Np represent the acceptor and donor concentrations in the p-type and
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n-type regions, respectively.
The thermal generation current in the i-region (Jy2) is obtained utilising a detailed balance

between incident and emitted radiation in thermal equilibrium.

E.
JSQ = Aeff exp ( — ﬁ) (4221)
Blc

Argn’KT
c2h3

When the net current density in Eqn. (4.2.17)) is zero and the voltage produced is the

Here A/ = ng s> and n is the i-region average index of refraction.

open-circuit voltage [49]. The open circuit voltage (V,.) can be calculated as

K3l
q

Voc

In (‘]J— + 1). (4.2.22)

The fill factor (F'F') of a solar cell is defined by

. Vmaa: Jmax

FF = 4.2.23
V:)CJSC ’ ( )

where V., and J,,., are the voltage and current density of the solar cell at the maximum
power point, respectively. The fill factor can be expressed as a function of an open circuit
voltage V,. using a semi-empirical formula [93], assuming that the solar cell behaves as an

ideal diode
Voe — Infv,e + 0.72]

FF = , (4.2.24)
Voe + 1
where v, = ﬁ%c is a normalized voltage.
Finally, the cell power conversion efficiency is calculated using
Vinaz X Jmaz FFxV,.xJ
n= — oc 5¢ (4.2.25)

P Py ’

where Py is the incident solar power (P = 116 mW/cm? for 1 Sun, 1.5 AM condition)
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We use parameters in Table for theoretical analysis of the dependency of quantum

dot solar cell Jg., V,e, F'F and n on ny.

Table 4.1: The physical parameters used in calculations.

Parameters Unit Value Ref.
Electron surface recombination velocity (S,,) | cms™! 6 x 10° [91]
Hole surface recombination velocity (.S,) cms™! 6 x 103 [91]
Electrons diffusion length of GaAs (L) wm 2 [91]
Hole diffusion length of GaAs (L,) wm 3 [91]
Electron diffusion constant of GaAs (D,,) cm?s 200 [91]
Hole diffusion constant of GaAs (D)) cem?s™! 10 [91]
Average radius of InAs QD (R) nm 3.1
Number of InAs QD layers 1 —484
Volume of a single InAs QD (Vp) cm? 1.25 x 1071
Areal density of InAs QDs (Ap) em™2 | 443 x 107 —2.6 x 10'* | Eqn. (#.3.2
Volume density of InAs QDs (np) em™ | 147 x 101" — 4.2 x 10'® | Eqn. (4.3.3
Surface reflection coefficient (R(\)) 0.1 [91]
Band gap of bulk GaAs (E,p) eV 1.424 [94]
Band gap of bulk InAs (E,(InAs)) eV 0.354 [94]
Band gap of InAs QDs (E,p) eV 1.0532 Eqn.
Acceptor concentration (N,) em™3 1.4 x 10*® [91]
Donor concentration (Np) cm™3 1.7 x 10'7 [91]
n-region width (Xj) wm 0.8 [91]
p-region width (H") wm 2.0 [91]
i-region width (Wp) wm 3.0 [91]
The absorption coefficient of bulk GaAs is calculated using Eqn. (4.3.1]) [51]
. T¢*h 2| P\ [V2(m)32 (hw — E )2 (2 5.1y/hw — E,
olhw) = 2ei/260mohwc( My ) [ m2h? } (§> B hw ’
(4.3.1)

where ¢, = 12.9 is relative permittivity of GaAs [94], m*=0.058 m, is the reduced mass of

electron-hole pair of GaAs ( m.= 0.067 m,, mp= 0.45 m,) [51], the momentum matrix of

2|P.,|?

Mo

bulk GaAs is approximated as

= 25.7 eV [51] , B, is the band gap of bulk GaAs

and hw is the photon energy. The units for E, and hw are eV, while the unit for o(fw) is

1/ pum.
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The average refractive index of i-region is 4.16 [95], effective density of state of GaAs

in valance band (N,) and conduction band (N,) are given by N, = 9 x 10'® ¢m™ and
N, = 4.7 x 1017 em ™3, respectively [94].
Quantum dot areal density (Ap) can be approximated by
1
. — 4.3.2
7 QR+ Xp)2 (4.3.2)
where R is average radius of QD, Xp is barrier width between QDs.
Quantum dot volume density (np) in terms of n; can be written as [96]
nAp
= ) 4.3.3
422 W ( )

If we have n; number of QD layers in a fixed width Wp of i-region, then we will have
n; + 1 barrier width for a periodically distributed QDs. The width of the i-region can
be written as Wp = n;(2R) + (n; + 1) Xp. Therefore, the number of QD layers becomes
n; = % Hence, the variation of the number of QD layers is due to the variation
of barrier width. From this equation we can see that, to increase the number of QD layers
inserted in the i-region, the barrier width must be reduced. When the QDs touch each
other, the maximum number of QD layers inserted in the i-region is achieved. For R = 3.1
nm, Xg = 0 and Wp=3.0 um, the maximum number of QD layers inserted in the i-region

becomes 484.

A spherical quantum dot optical absorption coefficient is given by [97]

(k;Sl _ 1)2
SNE

where (20 + 1) is the degeneracy, k,,; is the zeros of the spherical Bessel functions with

index n and order [, 3 is a dimensionless constant defined by Eqn. (4.3.6) below and & is

\/<(R—R)? >
the Gaussian function relative standard deviation defined as & = — and x4
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is the reduced photon energy given by

B
2o B (4.3.5)

S h2

2/,L§2
where hw is the photon energy and E, is the semiconductor material energy band gap.

The constant [ is given by

B = V%? (7:21;;2), (4.3.6)

where A is defined as [97]
27q?*| Py |?

1/2 7
mier*eqcw

A= (4.3.7)

where g is the reduced mass, P,., is the momentum matrix element, w is the photon
frequency, ¢ is the speed of light, € is the permittivity of the host material, ¢y is the
permittivity of free space, and myg is the electron mass . The electron effective mass in
bulk GaAs (0.067 mg) and the vertical heavy hole effective mass in bulk InAs (0.34 my)
are considered to be the most acceptable values for the electron and hole effective mass
in InAs/GaAs quantum dots, respectively [08]. The momentum matrix element (P,,) is
defined as [99]

’P cv’2 =

3m2Eyp(Eyp + AB,,) ( 11 ) (435)

2(3E,p + 2AE,,) \mf mo
where E,p is the bandgap of the QD, AE, is the spin-orbit splitting of valence bands and
m? is the electron effective mass. The band gap of QD is defined by Eqn. (4.2.19)) and

has a value E,p = 1.0532 eV for spherical InAs QD of R = 3.1 nm and AFE,, = 0.41 eV

2| P.,|?
for InAs [52], thus APel” ~ 16.2 eV.

mo
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4.3.1 Effect of the Number of QD layers (n;) on the Reverse

Saturated Current Density

It is necessary to first analyse the effect of the number of QD layers on reverse saturation
current density, to fully comprehend the dependency of QDSC open circuit voltage, fill
factor, and efficiency on the number of QD layers. Figure illustrates the effect of
the number of QDs layers on the reverse saturated current density caused by thermal

excitation in the interior of the i-region (Jy); plotted according to Eqn. (4.2.21)). It is

Jo (MA/em?)
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8. x10711

6.x1071 -

4. x10711

2.x1071 -

n | n n " n L T 1 1 | L L L L n
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Figure 4.2: The dependency of reverse saturated current density due thermal excitation
(Js2) on the number of QD layers (n;) with the help of Eqn. (4.2.21)).

observed from the graph that the J, has a negligible increases till about 300 QD layers
before it starts to increase exponentially. In particular, J starts to increases very rapidly
just after ~ 350 QD layers. The possible reason for this can be analyzed by combining
Eqn. and (4.2.18), i.e., the combination of the two equations indicates that as
the number of quantum dot layers increases, the effective band gap decreases whereas
the reverse saturated current density increases. The decrease in the effective band gap
is attributed to an increase in the recombination of carriers at the QD /barrier interface.
Therefore, it can be concluded that an increase in number of QDs to over 300 QD layers

increases the thermal recombination process in the intrinsic region.
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The total reverse saturation current can be written by combining Eqn. (4.2.20f) and Eqn.

(4.2.21)). Tt is given by
Jo = Js1 + Jsa. (4.3.9)

It is worth noting that Js; do not depend on the number of QDs layers and has a calculated
value of J = 7.9 x 1076 mA/cm?. Figure [4.3] shows the effect of the number of QD

Jo(MA/em?)
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Figure 4.3: The dependency of total reverse saturated current density (J,) on the number
of QD layers (n;) with the help of Eqn. (4.3.9)).

layers on the total reverse saturation current drawn using Eqn. . The total reverse
saturation current [Fig. shows the same characteristics as the reverse saturated current
due to thermal excitation [Fig. [4.2]. Both the reverse saturation current due to thermal
excitation and the total reverse saturation current increases from Jy, = 2.5x10713 mA / cm?
at ny = 0 to Jeg ~ 1.0 x 10719 mA/ch at n; = 484. Form the aforementioned values
of Js1 and Jy, we see that the total reverse saturation current of quantum dot solar
cell is dominated by thermal excitation. That is the reason why Fig. and Fig.
are identical. Experimental report of InGaAs/GaAs quantum dot solar cell shows that
as the number of QD layers is increased, so did the dark saturation current [36]. This

demonstrates increased carrier recombination in the depletion region with an increase in

the QD layers.
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4.3.2 Dark Current Density-Voltage Characteristics Curve

Most solar cells behave like diodes [47]. The dark current density Jgq+(V') of ideal diodes

is given by

Vv
Jiars(V) = J, {exp ( g

KBTC) - 1]. (4.3.10)

Figure [4.4] depicts the effect of the number of QD layers on the dark current, plotted
according to Eqn. (4.3.10). It is seen from the figure that the cut-in voltage of the

Jdark (mA/cm?)
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Figure 4.4: The dark current density-voltage characteristics curve plotted using Eqn.

[#.3.10).

Jaark versus voltage (V') curve is determined by the number of QDs layers, i.e., the cut-
in voltage decrease as the number of layers increases. In particular, Jy,.. is almost the
same for QD layers of n; = 0, 50 and 90 (as can be seen overlapped in Fig. |4.4]), while
Jaark has the largest value for n; = 484 compared to the others. As it is discussed above,
the recombination current in QDSC increase as the number of QD layers increases. This

results in a decrease in the open-circuit voltage (V,.) due to carrier recombination.
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4.3.3 Effect of n; on the Quantum Dot Photocurrent Density

Figure illustrates the effect of number of QD layers on the QD photocurrent density

drawn according to Eqn. (4.2.7)). Figure shows that the quantum dot photocurrent

density increases when the number of QD layers increases and reach the maximum value

of Jp = 14.2 mA/em? at n; = 484. This figure shows the slope of the QD photocurrent
Jop (MA/em?)
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Figure 4.5: The dependence of QD photocurrent density (Jp) on the number of QD layers
(ny); plotted using Eqn. (4.2.7)).

density becomes sharp from n; = 0 to ~ 200 but the slope slow downs after n; ~ 200.
This is due to the attenuation of the light with increasing number of QD layers. When
the number of QD layers increases beyond a certain limit, the generation of electron-
hole pairs in QD ensembles decreases. As a result, for QD layers greater than ~ 200,
a small improvement in QD photocurrent density is observed. The observed increase in
QD photocurrent density with number of quantum dot layers is in good agreement with
the experimental report of InAs/GaAs quantum dot solar cell [39]. In this experimental
report, it is found that the external quantum efficiency (EQE) at all QD-related transitions
increases as the number of QD layers increases; which asserts that QD-related absorption
processes are responsible for the generation of a part of the QDSC’s short circuit current

density.



64

4.3.4 Effect of n; on the Barrier Photocurrent Density

The effect of the number of QD layers on the barrier photocurrent density is shown in Fig.
4.6; plotted according to Eqn. (4.2.13]). It shows that the barrier photocurrent density

Jg(mA/cm?)
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Figure 4.6: The dependence of the barrier photocurrent density (Jg) on the number of
QD layers (n;); plotted using Eqn. (4.2.13]).

decrease with increasing number of QD layers for a fixed width of the i-region, reaching

2 at n; = 484. Small degradation of the barrier photocurrent

a minimum of 7.9 mA/em
density is observed up to ~ 300 number of QD layers. However, above ~ 300 number
of QD layers, the degradation of barrier photocurrent density increases with increasing
number of QD layers. When the number of QD layers inserted in the intrinsic region
increases, then the fractional volume of i-region occupied by QDs increases. Therefore,
the photocurrent generated by the barrier region decreases. The decrease in the barrier
photocurrent density is related with the decrease in fractional volume of the barrier region.
The relation between the barrier photocurrent density with the number of QD layers
may be explained using the spectral response curve of InAs/GaAs quantum dot solar cell
reported in Ref. [39]. In this experimental report, as the number of QD layers increases,
the spectral response decreases for wavelengths less than the GaAs band edge while it

increases for wavelengths greater than the GaAs band edge. This result confirms that

the decrease in barrier photocurrent density and the increase in QD photocurrent is due
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to the increase in the number of QD layers. Therefore, increasing the number of QD
layers improves the QD photocurrent by absorbing lower energy photons and decreases

the barrier photocurrent density by decreasing the volume fraction of the barrier region.

4.3.5 Effect of n; on the Total Photocurrent in the i-region

Figure [4.7] shows the effect of the number of QD layers on the total photocurrent of the i-

region, drawn using Eqn. (4.2.15)). The total photocurrent collected from the i-region is the
J, (mA/ecm?)
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Figure 4.7: The dependence of the total photocurrent density in the i-region (J;) on the
number of QD layers (n;); plotted using Eqn. (4.2.15).

sum of QD photocurrent density and barrier photocurrent density and it is also dependent
on the number of layers of the quantum dots. The Figure shows that .J; increases with
an increase in n; and reach a maximum value of J; = 22.35 mA/cm2 at n; = 429 and
then decreases to J; = 22.1 mA/cm? when the number of QD layers increases to 484. The
observed variation of the i-region photocurrent density with the number of QD layers is
in good agreement with the theoretical model of In,Ga;_,N/GaN quantum dot solar cell

reported in Ref. [90].
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4.3.6 Effect of n; on the Short Circuit Current Density

The short circuit current density is the sum of the photocurrent densities from the n-, p-,
and i-regions. The minority hole photocurrent density (J}') from the emitter is defined
by Eqn. and is calculated to be J' = 24.23 mA/ ecm?. The minority electron
photocurrent density (J?) from the base is defined by Eqn. (2.7.16) and is calculated to

be J? = 0.22 mA/cm?. Figure 4.8 illustrates the effect of the number of QD layers (n;) on

Jc (mA/cmz)
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Figure 4.8: The dependence of the short circuit current density (Js.) on the number of
QD layers (ny); plotted using Eqn. (4.2.16]).

the short circuit current density plotted according to Eqn. (4.2.16)). It is found that J.
increases as n; increases and reach its maximum value of J;. = 46.8 mA/ em? at n; = 429
and then decrease to Js. = 46.6 mA/ ecm? when n; increase to 484, as shown in Fig. .
Hence, the insertion of large number of QD layers in the i-region has greatly enhance
the photogenerated current density Js. of the theoretically modeled device. This model
improved short-circuit current density with an increase in QD layers is in good agreement
with the experimental and theoretical results reported in Refs. |36} 139, (66, 85] 87, 90} 100,

101].
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4.3.7 Effect of n; on the Open Circuit Voltage

Figure 4.9| shows the effect of the number of QD layers on the open circuit voltage drawn
according to Eqn. (4.2.22)). The effect of n; on the V,. of QDSC can be related through

the dependence of V,. on both J,. and .J,. Figure shows that a small open circuit

Voc(V)
0.85
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Figure 4.9: The dependence of (A) the open circuit voltage (V,.) on the number of QD
layers (n;); plotted using Eqn. (4.2.22)).

improvement is observed up to n; = 180. Maximum V,. = 0.85 V is obtained at n; = 90.
Above n; = 180, the open circuit voltage decreases very rapidly. The increase in V.
associated with a fast increase in Jy. for the number of QD layers less than ~ 180 [Fig.
, whereas a very slow increase in total reverse saturated current density is observed for
the number of QD layers less than ~ 180 [Fig. . A fast degradation in open circuit
voltage is the result of a fast increase in J, above n; ~ 350 [Fig. and a small J,,
improvement above n; ~ 200 [Fig. |4.8]. The degradation in open circuit voltage with the
increase in the number of QD layers in this model agrees with experimental and theoretical

results reported in Refs. [36] and [00], respectively.
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4.3.8 Effect of n; on the Fill Factor

Figure depicts the effect of the number of QD layers on the fill factor, plotted according

to Eqn. (4.2.24). It shows that a small fill factor improvement is observed up to QD layers

FF
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Figure 4.10: The dependence of the fill factor (FF) on the number of QD layers (n;);
plotted using Eqn. (4.2.24).

of n; = 180. The maximum fill factor, i.e., F'F' = 84.7% is obtained at n; = 90. The slight
increase in the fill factor may be attributed to improved carrier transport through the
intrinsic and emitter regions. Above n; = 180, the fill factor decreases very rapidly. This
decrease in fill factor with an increase in the number of QDs layers (beyond n; = 180) can
be related with a decrease in carrier transport through the intrinsic and emitter regions as
a result of space charge accumulation and an increase in the recombination current with
increasing number of QDs layers. Our result is in good agreement with the experimental

result reported in Ref. [36].
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4.3.9 Current Density-Voltage Characteristic Curves

Figure depicts the current density-voltage (J-V) characteristic curves of InAs/GaAs
QDSC structure, drawn according to Eqn. (4.2.17). The J-V characteristic curves show

JmA/en?)

201

10

0.2 0.4 0.6 0.8

Figure 4.11: The effect of the number of QD layers (n;) on the current density-voltage
(J-V) curve, plotted using Eqn. (4.2.17)).

that when the number of QDs layers increases, the short circuit current increases and the
open circuit voltage decreases. However, the increase in J,. above n; = 250 is small, while
the decrease in V,. becomes more pronounced; indicating that a further increase in the QD
layers above n; = 250 results in a decrease of the efficiency of the QDSC structure. This
theoretical model shows that using quantum dots as an intermediate band will improve
the Jg. of the solar cell as well as its efficiency. However, there is an optimum value
(about ~ n; = 250) of the number of QD layers that results to the maximum possible
efficiency of the theoretically modeled QDSC. It is worth noting that the obtained current
density-voltage (J-V) characteristics curve agrees with the experimental result studied in

Ref. [36].
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4.3.10 Effect of n; on the Efficiency

Figure 4.12]illustrates the dependence of quantum dot solar cell efficiency on the number
of QD layers, plotted according to Eqn. (4.2.25]). It shows that there is an optimum
number of QDs layer to get maximum efficiency, which is in good agreement with the
experimental reports in Refs. [36], 39, [66], 85 87, 100] and theoretical model of quantum
dot solar cells studied in Refs. [00, 102, 103]. The efficiency of QDSC is found to be
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Figure 4.12: The dependence of efficiency () on the number of QD layers (n;), obtained
using Eqn. (4.2.25)).

maximum at n; = 250, and increasing the number of QD layers above this value reduces
the cell’s efficiency. The increase in efficiency up to 250 QD layers is due to a greater
increase in short circuit current density than a decrease in the open circuit voltage and
fill factor. When the number of layers exceeds 250, the slope of short circuit current
density slows, because of the slope of QD photocurrent density starts to slow and the
negative slope of barrier photocurrent density beginning to rise as a direct result of the
attenuation of light and increasing volume fraction of QDs. Similarly, as the number of
QD layers exceeds 250, the reverse saturation current due to thermal excitation increases

as a result of a decrease in effective band gap. Thus, short circuit current density improved
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slowly while open circuit voltage and fill factor degraded more rapidly. We can say that,
the decrease in efficiency above 250 QD layers is caused by an increase in short circuit
current density, which is less significant than a decrease in open circuit voltage and fill
factor. Finally, we deduce that 250 layers of QD are optimal for maximum efficiency.
The calculated value of J,., V,., F'F and n are given in Table along with the same
configuration of solar cell with out QDs. Table 4.3| shows the comparison between our
theoretical model of InAs/GaAs QD solar cell and published theoretical and experimental
report of InAs/GaAs QD solar cell.

Table 4.2: The calculated value of J,., V,., F'F' and 7 of solar cell with and without QDs.

| solar cell [ | Joe (mAJem?) [ Voe (V) [ FF (%) [ n (%) |
without QD 0 33.4 0.84 84.6 20.5
QDSC (V) | 90 | 40.7 0.85 |847  |251
QDSC (Dae) | 250 | 45.4 083 |844 97.4
QDSC (Jme) | 429 | 46.8 0.74 |831 | 249

Table 4.3: Js., Voo, F'F, and n comparison for InAs/GaAs quantum dot solar cell. Note

that:- NA stands for “Not Available”.
| InAs/GaAs QD solar cell | n; | Joe (mA/em?) | Voe (V) | F.F (%) [ n (%) |

This Model 250 | 45.4 0.83 84.4 27.4
Theoretical [91] NA | 45.17 0.746 | 84.2 25.0
Experimental [39] 20 | 25.0 0.9 75.0 12.4
Experimental [101] 40 | 23.78 0.99 82.3 14.3

4.4 Conclusions

We investigated the dependence of quantum dot solar cell parameters on the number of
quantum dot layers. In particular, a theoretically modeled InAs/GaAs n-i-p SC is con-
sidered. The results indicate that inserting InAs multilayer QDs into the intrinsic region
of GaAs significantly improves the conversion efficiency of the n-i-p structure. The short
circuit current density increased from 33.4 mA/cm? (without QDs) to 45.4 mA/em? (with

QDs), a relative enhancement of 35.9%. The conversion efficiency of the solar cell device
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improved from 20.5% without QDs to 27.4% with QDs, which a relative enhancement
of 33.7%. However, the efficiency of QDSC is determined by the number of QDs layers.
This theoretical model shows that there is an optimum number of quantum dots layers
(n, = 250) to get maximum efficiency (e, = 27.4%). Above the optimum number of QDs
layers the efficiency decreases. The result obtained in this theoretical model of InAs/GaAs
quantum dot solar cell can be used for experimental study of QDSCs as well as in the

design and fabrication of better performance solar cell panels.



Chapter 5

Effect of Cubic and Spherical
Quantum Dot Size and Size
Dispersion on the Performance of

Quantum Dot Solar Cells

5.1 Introduction

Quantum dots are used in optoelectronics due to their three-dimensional quantum con-
finement of charge carriers [104, [105] and reference their in. Theoretically, solar cell energy
conversion efficiency can be more than 63% by using semiconductor nanoparticles with
appropriate band alignment as an intermediate band [22] [106], 107]. The overlap of the
confined states of electrons results in the formation of the intermediate energy level, which
can help for additional generation-recombination centers [I08] 109]. These energy levels
can differ due to QD size variations [104] [106] 109], allowing for absorption spectra and
emissions that can be highly tunable [I04]. This provides a desirable overlap between the
solar spectrum and QD’s absorption spectra [22, [9T] [104].

Understanding the quantum dot absorption coefficient is crucial for improving QDSC
power conversion efficiency. When Quantum dots of different sizes exist in a material, a
Gaussian size distribution function is used to derive information about the quantum dot

sample under size distribution [I10]. Several researchers have investigated the effect of

73
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QD shape, size, and size non-uniformity on the absorption spectrum of a semiconductor
quantum dot system [97, [I11], 112] 113]. However, the correlations between these factors
used to improve power conversion efficiency of solar cells have yet to be fully revealed.
The decrease in absorption coefficient with increasing QD size was reported in Si QD [114]
and InAs QD [43]. Smaller size QDs with high absorption coefficients indicate that the
particles are approaching the strong confinement regime [I15]. This demonstrates that
the quantum confinement effect contributed to the size-dependent absorption coefficient
of QDs and the quantum effect becomes more pronounced for particle distributions with
a smaller mean particle diameter [116].

The type of QD used, the size of QD, the volume density of QDs, the constituent ele-
ments that make up the QD in the case of ternary QDs, the type of separating barrier,
and the energy bandgap difference between the QD and the barrier all have a significant
impact on the efficiency of a quantum dot solar cell [109]. To achieve the predicted high
power conversion efficiencies in QDSCs, the QDs must be closely spaced, periodically dis-
tributed in all three dimensions, and homogeneous in size [I17]. Several researchers have
demonstrated the quantum dot size-dependent photovoltaic performance of QD SCs. Ex-
perimental results demonstrated that increasing the size of CdTe [118], CdS [119], and Si
[120] quantum dots to an optimum value increases solar cell efficiency, whereas increasing
above that value decreases the QDSC efficiency. According to the theoretical study of
[1211, 122], the photovoltaic performance of InAsN/GaAsSb QDSC is dependent on the
size of the InAsN QD. Maximum efficiency is reached in these reports at an optimal size
of InAsN QD. These experimental and theoretical studies indicated a correlation between
QDSC efficiency and QD size.

The theoretical model in Ref. [122] used the detailed balance theory of Shockley and
Queisser to demonstrate the size-dependent power conversion efficiency of QDSC. In ad-
dition, only the loss due to radiative recombination is considered. The current study uses

a drift-diffusion model, as presented in Chapter 4] to explain the cubic and spherical QD
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size and size dispersion dependent power conversion efficiency of QDSC.

We investigate the effects of quantum dot size and size dispersion on QDSC performance
using ideal cubic and spherical InAs QDs. The absorption coefficients of cubic and spheri-
cal QDs are discussed in Section [5.2] Section |5.3| provides an in-depth analysis of the effect
of QD size, size non-uniformity, and shape on the absorption coefficient of QD ensembles,

QD photocurrent, and QDSC power conversion efficiency. Our findings are concluded in

Section [5.4]

5.2 Model

We studied two forms of QDSC in this Chapter. Figures and show cubic and

spherical InAs quantum dots inserted in the i-region of a GaAs barrier, respectively.
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Figure 5.1: Model of QDSC with cubic QDs
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Figure 5.2: Model of QDSC with spherical QDs
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5.2.1 The Optical Absorption Coefficient [agp(hw)] of an Ideal
Cubic QD

The absorption coefficient of cubic QD systems has been studied in detail [I11], 112]. For
ideal cubic QD ensemble of average size a,, the optical absorption coefficient is given by

[112]
g(n?)
§n?

agp(hw) = aﬁz exp [— (5.2.1)
()

Dividing Eqn. (5.2.1)) by (8/a,) gives the relative optical absorption coefficient that is

given by
2
re g n
ochD(hw) = ( 2) exp | —
o "

ﬁiﬁ} (5.2.2)

2¢2

where g is the degeneracy of the energy level determined by n? = 3 n? where 7 =1,2,3...,

and [ is a constant given by Eqn. (4.3.6]).
Defining two dimensionless parameters in Eqn. (5.2.1)): the reduced photon energy x.

hw—E
vl = — L (5.2.3)
and the relative standard deviation of the dot size £ as
<(a — a0)2>
= —-—, (5.2.4)

Qo

where a is the side length of a QD, E, is the bandgap energy of the semiconductor material,
hw is the photon energy, and u the reduced mass of electron—hole pair.

Equation describes a set of Gaussian absorption peaks with n/x. = 1 at the peak
position. As a result, the photon energy at the peaks is determined only by the average
dot size ag, and the energies are unaffected by the size distribution. i.e.,

n?m?h?

2pa3

hw = E, + (5.2.5)
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The energy bandgap of cubic QD Eqp is given by [123]

3m2h?

EQD = Eg(InAs) + —ZMag ,

(5.2.6)

where E,;(InAs) is the bandgap of bulk InAs.

5.2.2 The Optical Absorption Coefficient [agp(hw)] of an Ideal

Spherical QD

The optical absorption coefficient of a spherical quantum dot ensemble with an average

radius of R, have been studied in detail [97], and it is given by

3 (20 + 1) fnt )2
aop(hw) = ”BZ i {—%} (5.2.7)

Dividing Eqn. (5.2.7) by (8/2R) gives the relative optical absorption coefficient that is

given by

knl 2
re 3 (20+1) (7 —1)
(n,0) ™

where (24 1) is the degeneracy. In these equations, &, ; refers to the zeros of the spherical
Bessel functions with index n and order [.

The reduced photon energy x4 for spherical QD is given by
2 Tw—Eg

s — h2
2 ,LLEQ

T

(5.2.9)

Equation (5.2.7) represents a set of Gaussian absorption peaks with peak position at
En/zs = 1. Thus the peaks have photon energy determined by the average dot radius R

only; the energies are not affected by the size distribution. i.e.,

k2, h2
Q,uR

hw = E, +

(5.2.10)
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The energy bandgap of spherical QD Egp is given by [92]

w2 h?

2u}_22 .

EQD = Eg(InAS) + (5211)

5.3 Results and Discussion

In our theoretical model, InAs QDs are embedded in the i-region of the GaAs n-i-p
structure to enhance solar radiation absorption below the bandgap of GaAs. To make
the bandgap of InAs QDs below the bandgap of bulk GaAs, the average size of a cubic
InAs QD must be more than 4.4 nm (ag > 4.4 nm) and the average radius of a spherical
InAs QD must be greater than 2.5 nm (R > 2.5 nm). If the average size/radius of QDs
falls below this value, the bandgap of InAs QDs becomes larger than the bandgap of
GaAs. We use comparable volumes of cubic and spherical InAs QDs to investigate the
effect of QD size and size dispersion on the QD absorption coefficient, QD photocurrent,
and QDSC efficiency. For comparison in the figures, the average radius of the spherical
InAs QDs (R) is stated in terms of the average size of the cubic InAs QDs (ag), using
R = 0.62a9. To improve photocurrent generation, the absorption spectra of QDs must
match the portion of the solar spectrum. The spectrum of the QD absorption coefficient is
primarily governed by dot parameters such as dot size, size non-uniformity (also known as

size dispersion; £), and dot shape. As a result, the spectrum of the absorption coefficient

of QDs can be optimized by selecting suitable dot parameters to serve this purpose.

5.3.1 Absorption Coefficient Spectrum

We employ a comparable volume of cubic InAs QD ensemble (ay = 5.0 nm) and spherical
InAs QD ensemble (R = 3.1 nm) to investigate the effect of QD size dispersion (£) on the
absorption coefficient spectrum of an InAs/GaAs QD system. For this analysis, four QD

size dispersion values (£ = 0.01, 0.02, 0.05, and 0.1) were utilized. The lowest confined
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state in cubic and spherical InAs quantum dot systems, denoted by n? = 3 [111} 112, 113]
and ky o = 7 [97], respectively.

Figure depicts the effect of QDs size dispersion on the optical absorption spectra of
InAs cubic and spherical quantum dot ensembles at the lowest transition. The horizontal

axis represents photon energy, as specified by Eqns. (5.2.5) and ([5.2.10]) for cubic and

spherical QD systems, respectively. The absorption coefficient of the cubic and spherical

QDs are given by Eqns. (5.2.1) and (5.2.7)), respectively. As shown in Fig. increasing

& results in a significant decrease in absorption intensities and an increase in the line width

of the optical absorption coefficient spectrum. The absorption spectrum peak is due to
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Figure 5.3: Absorption spectra of the lowest transition of the InAs/GaAs QD system
corresponding to both cubic (A) and spherical (B) quantum dots for relative standard
deviation £ = 0.01, 0.02, 0.05, and 0.1. The photon energy for cubic and spherical QD

systems are defined by Eqns. (5.2.5) and (5.2.10|) are used, respectively. The absorption
coefficients of the cubic and spherical QD systems are defined by Eqns. (5.2.1)) and ((5.2.7)

are employed, respectively.
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light absorption by quantum dots, and its sharpness is proportional to the QDs size dis-
persion. The physical interpretation of a QDs ensemble with a smaller £ value is that the
probability of finding QDs with a particular size (ag) or radius (R) is large. As a result of
the more uniform QDs size in the ensemble, there is an intense optical absorption coeffi-
cient peak at the resonance energy. The optical absorption coefficient spectrum will have
a narrower line width because it covers a smaller portion of the solar spectrum. A higher £
value, on the other hand, indicates that the probability of finding QDs of a particular size
(ag) or radius (R) is small. Due to higher levels of QDs size/radius non-uniformity in the
ensemble, the intensity of the optical absorption coefficient peaks at the resonance energy
is reduced. As the QD ensemble optical absorption coefficient covers a larger portion of
the solar spectrum, the optical absorption coefficient spectrum will have a broader line
width. The peak absorption coefficient of a spherical QDs ensemble is greater than that of
a cubic QDs ensemble of the same volume. In contrast, the bandgap edge resonant energy
of cubic QDs ensembles is 0.1 eV photon energy higher than that of spherical QDs en-
sembles. Our analysis is in good agreement with the work reported in [97] for a GaAs QD
system, regardless of the type of QDs. It was found that spherical GaAs QD has a higher
absorption peak than cubic GaAs QD and that the resonant energy of cubic GaAs QD
is higher than that of spherical GaAs QD of comparable volume. Available experimental
report of absorption and photoluminescence (PL) of the optical emission from the ground
state of InAs QDs ensembles has energy around 1.1 eV [124], 1.0 eV [125], 1.075 eV [126],
1.05 eV [127], and 1.17 eV [128] for InAs/GaAs QD ensembles. The present theoretical
model peak absorption coefficient from the ground state is at a resonant energy of 1.16 eV’
(for cubic QDs of ag = 5.0 nm) and 1.06 eV (for spherical QDs of R = 3.1 nm).

Figure [5.4] shows the effects of size dispersion on the relative absorption spectra of InAs
cubic and spherical quantum dot ensemble for the lowest three transitions. For cubical

InAs quantum dot ensemble the lowest three confined states are specified by the quantum

number n? = 3, 6, and 9 [111], 112, 113], and for spherical InAs quantum dot ensemble the
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lowest three confined states are specified by the quantum number k,; = 7, 4.49, and 5.76
[97]. In Fig. the three lowest transitions were plotted for four values of £ = 0.01 (Figs.
and 5.4E), 0.02(Figs. and [5.4F), 0.05 (Figs. and 5.4G), and 0.1 (Figs.
and ) In each of these plots, the solid lines represents the individual relative
absorption spectrum and the dot lines represent their superposition. Fig. to
are corresponding to the cubic QD system and Fig. to are corresponding to the
spherical QD system.

When ¢ = 0.01 and 0.02, the relative absorption peaks corresponding to different transi-
tion levels are separated in both the cubic (Figs. and ) and spherical QD systems
(Figs. and ) Since the QDs ensemble has greater size homogeneity, overlapping
between nearby transitions is not observable in these absorption spectra. When & = 0.05,
the two higher energy absorption peaks begin to overlap, but the three peaks remain dis-
tinct in both cubic ( Fig. [5.4(C) and spherical QD (Fig. |5.4G). The overlapping between the
second and third transitions occurs at photon energies ranging from ~ 2.1 to ~ 2.4 ¢V,
as shown in Figs. and [5.4G. When £ = 0.1, only the first relative absorption peak is
resolved in both cubic (Fig. [5.4ID) and spherical QD (Fig. |5.4H). The overlapping between
the second and third transitions occurs in the photon energy range of ~ 1.8 to ~ 3.3 eV,
while the overlapping between the first and second transitions occurs in the photon energy
range of ~ 1.3 to ~ 1.8 eV. Furthermore, at £ = 0.1, the superposition spectra of the
three transitions show an intense absorption peak and a broader line width (dotted line in
Figs. and ) The overlapping between nearby transitions, as well as the photon
energy range of the overlapping confined states, increases as the QDs size non-uniformity
increases, as shown in Fig. It was found that the resolvability of absorption peaks
depends on £. According to the prior discussion, the overlapping between nearby transi-
tions arises due to QD size non-uniformity. As a result, photons with energies within the

overlapping range are capable of triggering electron transitions from either of the nearby
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Figure 5.4: Relative absorption spectra of the lowest three transitions of the InAs/GaAs
QD system corresponding to both cubic (A-D) and spherical (E-H) quantum dots for rel-
ative standard deviation £ = 0.01, 0.02, 0.05, and 0.1. In each of these plots, the solid
and dotted lines represent the individual absorption peaks and their superposition, respec-
tively. The photon energy for cubic and spherical QD systems are defined by Eqns.
and are employed, respectively. The relative absorption coefficients of the cubic

and spherical QD systems are defined by Eqns. (5.2.2)) and ([5.2.8)) are used, respectively.



83

confined states. The overlapping of relative absorption peaks with increasing & was ob-
served in theoretical reports of GaAs QD [97, [111] and Ing7Gao3N/GaN QD system [112].
To investigate the effects of QD average size/radius on the absorption coefficient, we must
first understand the effect of quantum confinement on the QD system’s momentum ma-
trix. The momentum matrix element is defined by Eqn. is dependent on the
energy bandgap of QD, so as on the average size of QDs. Smaller average-size (QDs have
a higher momentum matrix element due to higher quantum confinement energy, whereas
larger average-size QDs have a lower momentum matrix element due to lower quantum
confinement energy.

The effect of QD size on the absorption coefficient of QDs ensembles is investigated by

combining Eqns. (4.3.6)), (4.3.7), (5.2.1), and (5.2.3) for cubic QD and Eqns. (4.3.6),
(4.3.7), (5.2.7)), and (5.2.9) for spherical QD. According to these equations and the size-

dependent momentum matrix element (Eqn. (4.3.8)), it is expected that the absorption

coefficient decreases as the size of QD increases.

Figure allows us to analyze the effects of the size/radius of QDs on the optical ab-
sorption spectrum of cubic and spherical quantum dot systems with comparable volumes.
The average sizes of the cubical QD ensemble are ay = 5.0, 6.0, 7.0, and 8.0 nm and
the average radius of spherical QD ensemble are R = 3.1, 3.7, 4.3, and 4.96 nm. These
average sizes are chosen so that the cubic and spherical quantum dots will have compa-
rable volumes. For each linewidth of the Gaussian function, it is shown that the curves
corresponding to cubic and spherical quantum dots are similar. It is observed that the
absorption coefficient of QDs decreases when the size/radius of QDs increases. In addition,
one can see that the absorption peak shifted to the lower photon energy (reds shift) when
the average size/radius of QD increases. The possible explanation for this is that smaller
size /radius QDs have larger absorption coefficients due to larger confinement energy and
larger QDs have smaller absorption coefficients due to poor confinement energy. In gen-

eral, the peak shift in the absorption spectra is related to the size of the QDs. Our result
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Figure 5.5: Absorption spectra of the lowest transition of the InAs/GaAs QD system
corresponding to both cubic (A) and spherical (B) quantum dots for relative standard
deviation £ = 0.01. The photon energy for cubic and spherical QD systems are defined by
Eqns. and are used, respectively. The absorption coefficients of the cubic
and spherical QD are defined by Eqns. (5.2.1)) and are employed, respectively.
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is in good agreement with experimental [114] and theoretical reports [43].

We compared our model absorption spectrum of 5 nm InAs/GaAs with the theoretical
model [43] of 5 nm InAs/GaAs absorption spectra and experimental report [42] of the
electroluminescence (EL) spectra of 5 nm dot-hight InAs/GaAs QDSC. In our model, the
peak absorption coefficient for ground state transition of cubic QDs ensembles is located
at 1.16 eV, and in the Srimurugan et.al. [43] it is located at a wavelength of 1135 nm
(1.09 V). Similarly, in the Jihene et.al. [42] the EL band maxima located at a wavelength
of 1120 nm (1.11 eV'). Thus, our model absorption spectrum of 5 nm InAs/GaAs cubic
QD was found to be matching with the theoretically calculated absorption coefficient of
5 nm InAs cubic QDs as well as the experimental result of 5 nm dot-hight InAs/GaAs
QDSC .

Figure depicts the variation of the QD absorption coefficient with QD size and size
dispersion. Figure [5.6/A shows the effect of QDs size on the absorption coefficient. It
is observed that the absorption coefficient decreases when QD size increase. This is in
agreement with the absorption spectrum of Fig. [5.5] The high absorption coefficient of
smaller-size QDs implies that the particles are approaching the strong confinement regime.
This confirms that the quantum confinement effect plays a part in the size-dependent ab-
sorption coefficient of QDs [43]. A similar finding was obtained in an InAs QD theoretical
model [43].

Figure shows the effect of QDs size dispersion on the absorption coefficient. It is ob-
served that the absorption coefficient decreases when QD size dispersion increases. This is
in agreement with the absorption spectrum of Fig[5.3 A higher QD absorption coefficient
for smaller size dispersion indicates that the absorption coefficient spectrum has a narrower
line width and a sharp peak, covering a smaller portion of the solar spectrum. A lower
QD absorption coefficient for larger size dispersion indicates that the absorption coefficient

spectrum has a broader line width, covering a larger portion of the solar spectrum.



86

— Cubic QDs ensembles at £=0.1

—— Spherical QDs ensembles at ¢=0.1

, , , , L agm
2.x107° 4.x1079 6.x107° 8.x1079 1.x1078

a(um™h)

— Cubic ensembles at a,=7.5nm

— Spherical ensembles at R=4.7nm

: ! : ! — ¢
Figure 5.6: Effect of QD size (A) and size-dispersion (B) on the absorption coefficient
of QD ensemble. The bandgap energy for cubic and spherical QDs are defined by Eqns.

(5.2.6) and (5.2.11]) are employed, respectively. The absorption coefficients of the cubic
and spherical QDs are defined by Eqns. (5.2.1) and (5.2.7)) are used, respectively.
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5.3.2 Quantum Dot Photocurrent

Figure[5.7 depicts the simultaneous effect of both QD average size and QDs size dispersion
on QD photocurrent. Maximum Jgp values are found for cubic QDs with a, ranging from
7.2 nm to 9.5 nm and & ranging from 0.05 to 0.25 (Fig. [5.7A). Similarly, the better Jop
values for spherical QDs (Fig. ) are achieved within R ranging from 4.2 nm to 5.6 nm
and £ ranging from 0.06 to 0.26. As a result, there is an optimum range of average QD
size and QDs size dispersion to achieve maximal QD photocurrent. Increasing above or
decreasing below this optimal range reduce QD photocurrent. Therefore, to improve the
quantum dot photocurrent the optimized size and size dispersion of QD must be chosen.
To investigate the effect of QD size on quantum dot photocurrent, £ = 0.1 was optimized
applying the optimum range of £ for achieving maximum QD photocurrent, as depicted

in Fig. [5.7. Figure |5.8A shows the effect of QD size on quantum dot photocurrent.
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Figure 5.7: Quantum dot photocurrent as functions of average size of QD and QD size
dispersion (A) cubic QDs and (B) spherical QDs. The quantum dot photocurrent is defined
by Eqns. ([4.2.7).

There is an optimum QDs size to get maximum QD photocurrent. The dependence of QD
photocurrent on QD size can be explained by applying the size-dependent nature of the
QD absorption coefficient and the wavelength range of the higher-intensity solar spectrum.

Since small QDs cannot absorb long wavelengths of light, only a portion of the solar
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spectrum can be utilized. Larger QDs, on the other hand, absorb long wavelength light,
although the vast majority of the solar spectrum lies in the visible range. This competitive
relationship between light absorption based on QD size and the solar spectrum could lead
to the optimal QD size to obtain maximum QD photocurrent. The maximum quantum
dot photocurrent can be obtained at the cubic QD average size of a, = 8.1 nm (Jop =
24.7 mA/em?) and the spherical QD average radius of R = 5.0 nm (Jgp = 26.9 mA/em?).
Fig. also demonstrates that the QD photocurrent of QDSC with cubic and spherical
QDs is roughly the same for QD sizes larger than ~ 10.0 nm. On the other hand, below
~ 10.0 nm of QD size QDSC with spherical QDs has a higher QD photocurrent than
cubic QDs. The lack of shape-dependent QD photocurrent characteristics in the large-size
QDs could be due to poor confinement energy. Since the confinement energy decreases
with increasing QD size, addressing the shape effect on QD photocurrent is pointless in
the low confinement energy regime. It should be noted that R = 0.62a, was used in the
prior discussion and Fig. for convenience.

To analyze the effect of QD size dispersion on quantum dot photocurrent, a QD average
size of a, = 8.0 nm was optimized using the optimal range of average QD size for achieving
maximum QD photocurrent, as depicted in Fig. Figure shows the effect of QD
size non-uniformity (£) on the quantum dot photocurrent. It is observed that there is an
optimum QDs size dispersion to get maximum quantum dot photocurrent for both cubic
and spherical QDs. The QDs size dispersion-dependent nature of the QD absorption
coefficient and the solar spectrum are used to explain why this could happen. Because
smaller size dispersion QD ensembles have higher and sharper absorption peaks, they
cover a lesser portion of the solar spectrum. On the other hand, larger-size dispersion QD
ensembles have a lower absorption peak and a wider bandwidth, allowing them to cover
greater portions of the solar spectrum. Because of the competitive relationship between
peak absorption coefficient and line width broadening, an optimum size dispersion of QD

is obtained to provide maximal QD photocurrent. The highest quantum dot photocurrent
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Figure 5.8: Effect of QD size (A) and size dispersion (B) on quantum dot photocurrent.

The quantum dot photocurrent is defined by Eqns. (4.2.7)).
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can be obtained at the QDs size dispersion of 0.11 (Jop = 24.6 mA/cm?) and 0.12
(Jop = 27.0 mA/em?) for the cubic and spherical QDs, respectively. It should be noted
that for each QD size dispersion, there is a specific QD average size that provides the
highest QD photocurrent. Figure also demonstrates that the QD photocurrent of
QDSC with cubic and spherical QDs is roughly the same for QD size dispersion less than
~ 0.04. Above this value of QDs size non-uniformity, the QD photocurrent of QDSC
with spherical QDs is larger than cubic QDs. As a result, addressing the shape-dependent
properties of QD photocurrent is worthless for size non-uniformity less than ~ 0.04 in

this particular investigation.

5.3.3 JV Characteristics

Figure 5.9/A shows the effect of QD size on the JV curve of QDSC with cubic QDs ensem-
bles, it shows that there is a higher improvement in short circuit current for a, = 8.1 nm.
Figure shows the effect of QD size on the JV curve of QDSC with spherical QDs
ensembles, it shows that there is a higher improvement in short circuit current for R =
5.0 nm. For both cubic and spherical QDs ensembles the open circuit voltage decrease as
the size of QDs increases. We notice that changing the size of QDs changes both the short
circuit current and open circuit voltage by a significant amount. The drop in open circuit
voltage with increasing QDs size can be explained by the bandgap shift caused by the
quantum confinement effect. When the size of QDs increases, the bandgap shift between
the conduction band of the barrier and the intermediate band increases, which decrease
escaping of the electrons from QDs to the barrier. Thus, larger size QD can easily recap-
ture the photogenerated carrier during carrier transport [43]. This results in an increase
in the recombination process. In other words, when the size of QDs increases, the effective
bandgap decreases (i.e. the conduction band shifts downwards due to the weaker quantum
confinement effect). The decrease in the effective bandgap increases the recombination at

QD /barrier interface which leads to a decrease in V,.. The decrease in short circuit current
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with an increase in the size of QDs is related to the mismatch between the bandgap of
QDs and the solar spectrum. A similar JV curve is observed in the theoretical model of
InAs/GaAs QDSC[43].

Figure [5.10[ shows the JV curve of QDSC for different QDs size dispersion. It shows that
short circuit current decrease as the size dispersion increases but no significant change in
the open circuit voltage was observed when the size dispersion of QDs increases. This can
be explained by the strong relationship between V. and the size of QDs. For a fixed size
of QDs, there is no significant change in the open circuit voltage with a change in QDs
size dispersion.
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Figure 5.9: JV curve of cubic QD (A) and spherical QD (B) for different QDs size. The
current density of a solar cell is defined by Eqns. (4.2.17)).
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5.3.4 Efficiency

Figure[5.11]illustrates the effect of both QD average size and QDs size dispersion on QDSC
efficiency. The highest n values for cubic QDs obtained within a, ranging from 7.3 nm
to 8.4 nm and £ ranging from 0.07 to 0.17 (Fig. |5.11]A). Similarly, the highest n values
for spherical QDs (Fig. ) are obtained within R ranging from 4.3 nm to 5.2 nm,
and ¢ ranging from 0.07 to 0.2. As a result, there is an optimal range of average QD size
and QDs size dispersion to achieve maximum efficiency. Increases outside of this optimal
range reduce efficiency. Therefore, to enhance the efficiency of QDSC the optimized size

and size dispersion of QD must be chosen.
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Figure 5.11: QDSC efficiency as functions of average size of QD and QD size dispersion
(A) Cubic QDs and (B) Spherical QDs. The efficiency is defined by Eqns. (4.2.25)).

To investigate the variation in QDSC efficiency with QDs size, £ = 0.1 was optimized
using the optimum range of ¢ for achieving maximum efficiency, as shown in Fig. [5.11
Figure shows the variation in the efficiency of QDSC with QDs size and it is ob-
served that there is an optimum value of QDs size to get maximum efficiency, which is in
good agreement with experimental reports [118|, (119, 120} 121], 729]. The variation in the
efficiency of QDSC with QDs size can be explained based on the bandgap shift between

the barrier and QD. The bandgap shift is small when smaller QDs used and large when
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large QDs used. Therefore, photo-generated electrons can be transferred more rapidly
from smaller QDs to barrier due to smaller recombination at smaller QD /barrier inter-
face. Small QDs, however, cannot absorb long wavelengths of light, which means less of
the solar spectrum can be used. On the other hand, larger QQDs absorb long wavelength
light, but they are unfavorable for electron escape (transfer) due to larger recombination
at larger QD /barrier interface. This competitive relationship between light absorption
and electron escape from QD according to the size of the QQDs might lead to the optimal
QD size to provide maximum solar energy conversion efficiency. The maximum power
conversion efficiency of QDSC with cubic QDs ensemble is 34.4% at ay = 8.1 nm, and
spherical QD ensemble is 36.4% at R = 5.0 nm (Table . Quantum dot solar cells with
spherical QD ensembles have a higher maximum efficiency than quantum dot solar cells
with cubic QD ensembles of comparable volume. Hence the efficiency of QDSC can be
enhanced by choosing the appropriate shape of QDs. When the average size of a cubic
QD exceeds ~ 15nm and the average radius of a spherical QD exceeds ~ 10.9 nm, the
efficiencies of QDSCs are lower than that of the reference cell, as illustrated in Fig. [5.12A.
It should be noted that R = 0.62a was used in the prior discussion and Fig. [5.8A for
convenience.

To investigate the variation in QDSC efficiency with &, a QD size of a, = 8.0 nm was
optimised using the optimum range of average QD size for achieving maximum efficiency,
as shown in Fig. [5.11] Figure [5.12B shows the variation of the efficiency of QDSC with
¢ of QDs. There is an optimum QD & to provide maximum power conversion efficiency.
The higher efficiencies (Table of 34.4% and 36.5% can be obtained at £ = 0.11 and
& = 0.12 for QDSC with cubic and spherical QDs, respectively. The variation of QDSC
efficiency with & agrees with the theoretical model of InAs/GaAs QDSC [88]. The opti-
mized size dispersion can be chosen to enhance the conversion efficiency, but it depends on
the dot size. Additionally, for each QDSC with a different QD average size, the maximum

conversion efficiency occurs at the particular value of size dispersion. In this theoretical
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investigation, Figure also shows that the efficiency of QDSC with cubic and spheri-
cal QDs is roughly the same for QD size dispersion less than ~ 0.04. Above this value of
QD size dispersion, the efficiency of QDSC with spherical QDs is greater than with cubic
QDs. As a result, addressing the shape-dependent characteristics of QDSC efficiency is
worthless for QD size dispersion less than ~ 0.04. This theoretical investigation demon-
strates that optimizing QD size and size dispersion is necessary to achieve the best QDSC
power conversion efficiency.
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Figure 5.12: Effect of QDs size (A) and QDs size dispersion (B) on the efficiency of QDSC.
The efficiency is defined by Eqns. (4.2.25)).
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Table 5.1: Short circuit current density, open circuit voltage, fill factor and efficiency of
solar cell with and without QDs at £ = 0.1.

| solar cell | Size/Radius of QD (nm) | Jo. (mA/em?) [V, (V) | F.F (%) | n (%) |
With cubic QDs a, = 8.1 57.6 0.80 86.1 34.4
With spherical QDs | R = 5.0 60.0 0.82 86.2 36.4
Without QDs — 33.0 0.84 84.6 20.3

Table 5.2: Short circuit current density, open circuit voltage, fill factor and efficiency of

solar cell with cubic QD of size a, = 8.0 nm and spherical QD of radius R = 5.0 nm.

[ solar cell (& [T mA/em®) [ Ve V) [FF (%) [ n (%) |
With cubic QDs 0.11 [ 57.7 0.80 86.0 34.4
With spherical QDs | 0.12 | 60.2 0.82 86.2 36.5
Without QDs — 1330 0.84 84.6 20.3

5.4 Conclusions

A comparative study of the cubic and spherical quantum dots having the same volume was
carried out. We have analyzed the effect of quantum dot size and size dispersion (size non-
uniformity) on the absorption spectrum of a quantum dot system with a size distribution
described by a Gaussian function. It is found that the absorption spectra of the cubic and
spherical semiconductor QDs depend strongly on the dot size distribution described by the
parameter ¢ and the average size of QDs. This theoretical investigation demonstrates that
there is an optimum average size and size dispersion of QDs to provide maximum power
conversion efficiency. Thus, optimizing QD size and size dispersion is necessary to achieve
the best QDSC power conversion efficiency. Inserting InAs QDs in the intrinsic region of
GaAs n-i-p solar cell improves the performance of solar cells from 20.3% without QDs to
an ideal maximum value of 34.4% (QDSC with cubic QDs ensembles) and 36.5% (QDSC
with spherical QDs ensembles). This show that QDSC efficiency depends on the shape of
the QD and this particular study shows that maximum QDSC efficiency is obtained for
spherical shaped QD in comparison with cubic shape QD. The results of this theoretical
model of an InAs/GaAs quantum dot solar cell can be used for experimental research on

QDSCs as well as in the design and fabrication of better-performance solar cell panels.



Chapter 6

The Impact of Inserting an InAs
Quantum Dot in the Middle Subcell

of a Triple junction
Ga0.51]n0.49P/GaAs/Ge Solar Cell

6.1 Introduction

Semiconductor solar cells have been widely investigated as a device for generating electrical
power directly from sun-light. One of the most common approaches to avoid spectral loss
in solar cells is to use multi-junction solar cell (MJSC) approach [13, 20]. Multi-junction
solar cells are solar cells with multiple p—n junctions made of different semiconductor
materials connected via tunnel junctions [20]. The approach is based on the idea to build
a stack of solar cells of different bandgaps to absorb larger portion of the solar spectrum to
raise the efficiency of solar cells [13]. Multi-junction solar cell approach has a capacity to
overcame the most important losses in single junction solar cell. Some of the advantages
of multi-junction solar cell approach are:- 1) Effectively collecting sunlight, which has a
wide-range spectrum from ultraviolet to infrared [31]. 2) Can reduce thermalization loss
due to a high-energy photon absorbed by a small-bandgap material [13].

In MJSC, the topmost subcell with highest energy gap absorb photons at and above its

bandgap [13]. This way it will absorb higher energy photons whose energy would be
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dominantly converted to heat if absorbed by low bandgap subcells [130]. On the other
hand, transmits the less energetic photons to the solar cells below, thus subcells with lower
energy gap absorb them efficiently. This leads to the division of solar spectrum and each
part is absorbed by different subcell specially optimized for those energies [130].

The strong demand for higher efficiency photovoltaic has recently attracted considerable
interest in multi-junction solar cells based on III-V semiconductors [I31]. First, they can
be grown with excellent material quality and their bandgaps span a wide spectral range
[132]. Second, they are capable of generating approximately twice as much power under
the same conditions as traditional solar cells, depending on a particular technology [I31].
Unfortunately, multi-junction solar cells are very expensive, so they are mainly used in
high performance applications such as satellites at present [131].

The most widely fabricated MJSC today is triple-junction GalnP/GaAs/Ge. In this case,
Ge (E,=0.66 €V) serves as a substrate on which GaAs (E,= 1.4 eV) and GalnP (E, = 1.8-
1.88 V) subcells are grown. The highest efficiency this device can achieve is 34.1% under
one-sun illumination and 41.6% under 364 suns. Highly mature lattice-matched design has
achieved 40.1% efficiency at 135 suns concentration using Gag sIngsP, GagggIngg2As, and
Ge junctions with the band gap combination of 1.86, 1.39, and 0.67 eV [133]. The efficiency
would be higher if the energy gaps could be chosen more optimally. In this configuration,
the lowest subcell generates current around twice as high as the two upper subcells, due
to low energy gap in Ge. The device is not optimally current matched due to restrictions
in lattice constants and energy gaps. Either way, Ge-based subcell increases V,. by ~ 250
mV [130].

Among the numerous technologies used to improve the conversion efficiency of solar cells,
the multi-junction (M-J) concept, especially the triple-junction (3-J) concept based on
InGaP, GaAs and Ge materials exhibit high efficiencies. Nevertheless, their performance is
somehow restricted due to current limitation of the GaAs middle cell and lattice mismatch

of Ge substrate [44] 45] 146].
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Many approaches have been proposed to overcome those limitations and enhance the
conversion efficiency of the 3-J configurations. The first approach consists in inserting a
fourth subcell with a bandgap energy about 1 eV in order to absorb the photons which
have a bandgap energy between 1.42 eV (GaAs) and 0.67 eV (Ge). InGaAsN is then a
good candidate thanks to its lattice matched to Ge substrate and to its tunable bandgap
energy. Theoretical calculations have indicated that such structures provide a conversion
efficiency of about 47.7 % [45]. The second approach adding a second Ge subcell to
the InGaP/GaAs/Ge multi-junction such that absorption of the near infrared spectrum
is divided between two Ge subcells rather than one [46]. The resulting four junction
InGaP/GaAs/Ge/Ge device benefits from an increased open circuit voltage as contributed
by the second Ge subcell. Experimental report of this approach indicated that an improved
efficiency from 26.5% to 28.0% . The third approach consists of inserting an intermediate
band in the 3-J structure [45]. Aim is then to improve the spectral response of the solar
cell in the energy region below the absorption edge of host material. Luque et al have
been the first who proposed to insert multiple layers of InAs quantum dots (QDs) in GaAs
subcell as an intermediate band [22].

Inserting InGaAsN subcell between GaAs and Ge subcells or inserting additional thin Ge
subcell to form four junction solar cell will not improve the short circuit current of MJSC
because the short circuit current is limited by GaAs subcell, but it improves the open
circuit voltage and the efficiency of MJSC. On the other-hand, inserting optimized size
of InAs QDs in the intrinsic region of n-i-p GaAs subcell could bring both current match
and short circuit current improvement in triple junction QDSC. Due to the insertion of
QDs open circuit voltage loss is expected. However, inserting QDs could result a better
efficiency improvement compared to four junction solar cell. InAs QDs could be a potential
candidate to overcame this current limitation problem in the middle subcell (GaAs).

In this study, we modeled n/p Gags11n9.49P as a top subcell, n-i-p GaAs with InAs QDs

in the intrisic region of GaAs as the middle subcell and n/p Ge as a bottom subcell. The
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advantage of selecting Gags11n049P as top cell is due to its wide band gap (1.86 eV) it
has a capability of absorbing mostly the short-wavelength part of the solar spectrum and
transparent to the light of longer wavelength which are absorbed more effectively by the
GaAs (1.424 eV) middle cell [44] and Ge (0.66 V) bottom cell and provide higher open
circuit voltage to the triple-junction quantum dot solar cell. In addition GagsiInggP
lattice matched to GaAs [13, 134, [135], as a result generation of misfit dislocations which
form recombination sites (a loss mechanism) can be avoided [135]. The misfit-dislocations
were found to influence not to short circuit current but to open circuit voltage of the
cell [I36]. Germanium is suitable as a substrate material for this devices due to near
lattice match with GaAs (0.08% lattice-mismatch) [136], favorable mechanical properties
[46] and a slight voltage increase [I3]. Triple-junction (3J) cell structure without and
with InAs(QD)/GaAs(barrier) periods in the GaAs middle cell is modeled, simulated and
optimized. Our objective is to insert the maximum number of InAs quantum dot layers to
carry out intermediate bands energy in order to absorb the photons which have an energy
lower than the bandgap of GaAs (Epnoton < Ey) and improve the short circuit current to
match with the top cell and improve the power conversion efficiency. Already the efficiency
of the 3J structure increases considerably compared to a single solar cell. The creation of
intermediate energy bands causes a more significant increase than a 3J solar cell.

A theoretical model of Gags1Ing49P/GaAs/Ge triple-junction quantum dot solar cells
(3J-QDSC) is developed using InAs/GaAs QDSC as a middle subcell in Section [6.2}
Section presents the numerical optimization of the size of InAs QD in the middle
subcell, doping concentration and thickness of the top and the bottom subcells. The
detail analysis of the impact of inserting InAs QD in the middle subcell of 3J-QDSC is

also presented in Section [6.3] Our findings concluded in Section [6.4]
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6.2 Model

Figure shows the model of Gags11n049P/GaAs/Ge triple junction quantum dot solar
cell (3J-QDSC). The cell’s overall layer structure consists of two np-junctions, one n-i-p
QDSC, and two tunnel junctions between the subcells. The three subcells were linked
in series via two highly doped and ultra-thin tunnel junctions, which are favorable for a
low resistance and high current density [137]. The device used both an AlGaAs/GalnP
wide band gap tunnel junction and a GaAs/GaAs narrow band gap tunnel junction [13§],
as shown in Fig. [6.1] InAs QDs is inserted only in the intrinsic region of GaAs subcell

(middle subcell). For each subcell, photogenerated carriers in n- and p-regions are collected

n-GalnP
Gag g Ing.«eP absorb
ligat (B, »1.56 aV) Top sub-cell
p-GainFP
p -AlGaAs -
n~-GalnP 1" tunnel
sans apsore 1iant n.Gaas
(1.4 8V <« B; <1.56 V)
e e e e e e W e e e R
Inta O absork light =
116V «Fge1d V) @ o e e o e oe aesssns r Middle sub-cell
ouououououou o e
p-GaAs
21
p-Gahs tunnel
n~-GaAs
n-Ge
Ga absorb light Bottom sub-cell
(0.6 @V « B« 1.16 &V ) p-Ge

Figure 6.1: Triple junction quantum dot solar cell model.

by a diffusion process while that in the i-region by drift process. We divide the collection
of photogenerated carriers in three regions: the top neutral region, the depletion region

of the junction, and the substrate neutral region. The short circuit current density for

the top and bottom subcells is the sum of Eqns. (2.7.8), (2.7.16)), and (2.7.21)) and for

the middle subcell it is expressed by Eqn. (4.2.16). The total reverse saturated current
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density for the top and bottom subcells is the sum of Eqns. (2.8.12)) and ([2.8.15)) and for

the middle subcell it is the sum of Eqns. (4.2.20) and (4.2.21)).

For multi-junction solar cell the optimal current density in the m! subcell is

(m)
(m) _ 7(m m qVopt
Jopt _JLSC)_J(E ){eXp(KBpT) _1:|

Written differently, the optimal voltage in the m* subcell is

opt

(m) (m)
(m) o KBT sc - Jopt
Vopt . = . In [ o + 1} .

In series constrained multi-junction solar cell with M subcells

M
Vopt = 3 Vit
m=1

and

Therefore

KgT Jse ' — J,
‘/optZE: l; 1H|: m pt+1:|a

m=1

(6.2.1)

(6.2.2)

(6.2.3)

(6.2.4)

(6.2.5)

where V,,; and J,,; are the optimal voltage and current density of MJSC, respectively.

Equation (6.2.5) can be solved numerically to determine the relationship between current

density and voltage in the MJSC. As a result, the open circuit voltage of MJSC is the

sum of the open circuit voltages of each individual subcell, and the short circuit current

density of MJSC is the least short circuit current density of the subcells.
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6.3 Result and Discussion

Physical parameters used in this study are shown in Tables and [6.2] The absorption
coefficients of Ge [139], GaAs [51], and Gay_,In, P [52] are calculated using Eqns. (6.3.1)),

(6.3.2), and (6.3.3), respectively.

1.9./E—E
Age = Tg (6.3.1)
51./E — E
AGaAs = E g; (632)
QGarmp = 5.5\/E — B, +1.5\/E — E, — 0.1, (6.3.3)

where £ is the photon’s energy, and F, is the energy band gap. When the unit is taken

as eV, unit of a will be determined to be 1/um.

Table 6.1: The parameters used in calculations. Note that "SRV” stands for surface
recombination velocity and ”O” stands for optimized values in Subsections|6.3.1|and [6.3.2]

Parameters Unit Gag s IngsoP [131] | GaAs [91] | Ge [52]
Electrons SRV (5,) ems™t |1 x10° 6 x 103 1 x 10
Holes SRV (S,) ems™h |1 x 106 6 x 10° 1 x 10*
Electron diffusion length (L) wm 3.7 2.0 53.0

Hole diffusion length (L,) pwm 0.6 3.0 8.8
Electrons diffusion constant (D,) | em?s™! | 29.39 220.0 22.86

Holes diffusion constant (D)) em?s™1 ] 1.03 10.0 10.71

Band gap (E,p) eV 1.86 1.424 0.66
Acceptor concentration (N,) em™ | 1.5 x 10'7 [O] 1 x 1017 | 1x 10 [O]
Donor concentration (Np) em™ | 2x 1018 [O] 2x 10 | 2x10" [O]
n-region length (X) pm 0.1 [O] 0.8 1.0 [O]
p-region length (H') pwm 1.5 [O] 2.0 2.5 [O]
i-region width (Wp) wm - 3.0 -
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Table 6.2: The optimized parameters used in calculations for InAs QD.

Parameters Unit of measure | InAs QDs
Size of QDs(a,) nm 4.93
Barrier width(b) nm 10.0

QDs volume (V) cm? 1.2 x 1071
QDs areal density (Ap) | em™2 4.5 x 101
QDs volume density (np) | em™ 3.0 x 10%7
number of layers 200

6.3.1 Optimizing the Size of InAs QDs and the Doping Concen-

tration of Subcell-1 and Subcell-3

To achieve the current density match among the three subcells, the size of InAs QD in
subcell-2 (n-i-p InAs/GaAs) and the doping concentration in subcell-1 (n/p Gag 511n9.49P)
and subcell-3 (n/p Ge) has to be optimized. In both Fig. [6.2(A) and [6.2(B) the current
density match among the three subcells achieved at a, = 4.93 nm size of the InAs QD. The
donor concentration (Np) in subcell-1 is optimized at three different doping concentration
(Np = 2.0 x 107, 2.0 x 10'®, and 2.0 x 10! ¢m™3) keeping N4 = 1.5 x 10'” em™3. The
current density match is achieved at Np = 2.0 x 10 em™3 (Fig. [6.2fA)). The acceptor
concentration (N4) in subcell-1 is optimized at three different doping concentration (N4 =
1.0 x 1017, 1.5 x 10'", and 2.0 x 10'7 em™2) keeping Np = 2.0 x 10'® em™3. The current
density match is achieved at N4 = 1.5 x 1017 em =3 (Fig. [6.2(B)). In both Figs. [6.2[A) and
6.2(B) the donor (Np) and acceptor (N4) concentrations in subcell-3 have no significant
effect for the current matching among the three subcells. But the three subcells current
density match at Np = 2.0 x 10" em=3 (Fig. [6.2(A)) and N4 = 1.0 x 10'7 em~® (Fig.
[6.2(B)) of subcell-3. The current density of subcell-3 is highly affected by the size of InAs
QD. It is clearly seen that the current density of subcell-3 decreases as the size of InAs

QD increases.
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6.3.2 Optimizing the Emitter and the Base Thickness of Subcell-

1 and Subcell-3

It is mandatory to optimize the thickness of subcells to achieve current density match
among subcells in the modeling of multi-junction solar cells. Figure [6.3| shows that the
optimized emitter and base thickness of subcell-1 and subcell-3. The emitter thickness of
subcell-1 is optimized at W,, = 0.1, 0.15, and 0.2 pum keeping W, = 1.5 pm (Fig. [6.3(A)).

It is observed that the current match among the three subcells achieved at W,, = 0.1 um.
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Figure 6.3: Optimizing (A) the emitter and (B) the base thickness of subcell-1 and subcell-
3.
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Similarly, the base thickness of subcell-1 is optimized at W, = 1.0, 1.5, and 2.0 um
keeping W,, = 0.1 pm (Fig. [6.3(B)). The current match among the three subcells achieved
at W, = 1.5 pum. For subcell-3 the current match achieved at W, = 1.0 pm (Fig. [6.3(A))
and W, = 2.5 um (Fig. [6.3(B)).

The current match among these subcells is achieved only at a, = 4.93 nm InAs QD.
Below a, = 4.93 nm InAs QD size, current density of subcell-3 is higher than subcell-1
and subcell-2 and when the size of InAs QD is greater than a, = 4.93 nm, then the
current density of subcell-3 is smaller than subcell-1 and subcell-2 as shown in Figs.
and [6.3] The dependency of subcell-3 current density on the size of InAs QD of subcell-2
is explained by the energy band gap of InAs QD and the range of solar spectrum reaching
subcell-3. Smaller size InAs QD have larger energy band gap, therefore large portion of
low energy solar spectrum reach subcell-3 to generate electron-hole pair which result in
higher current density in subcell-3. On the other hand, large size InAs QD have smaller
energy ban gap, therefore small portion of low energy solar spectrum reach subcell-3 to

generate electron-hole pair which result in smaller current density in subcell-3.

6.3.3 Current Density-Voltage Characteristics for Triple-Junction
Solar Cell (3J-SC) Without QDs

First, we investigated a triple-junction solar cell based on Gags11n949P/GaAs/Ge with-
out InAs QDs. Figure [6.4] shows the evolution of the current density as a function of
the voltage of a triple-junction solar cell based on three Gag 5111949 P/GaAs/Ge semicon-
ductors. Calculated values of short circuit current, open circuit voltage , fill factor and
efficiency are shown in Table [6.3] It is noted that the open circuit voltage V,. of the total
cell achieved 2.26 V and the current density J;. does not exceed the 14.7 mA/ cm? value.
The open circuit voltage of the total cell is equal to the sum of the three voltages of each
single solar cell. On the other hand, the current density tends towards that of the solar

cell which has the low current density. Figure |6.4] clearly indicates that the J,. is limited
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Figure 6.4: JV Curve for 3J-SC with out QDs: Plotted using Eqn. (6.2.5)

by GaAs middle subcell. This is in a good agreement with a theoretical model [44] and an
experimental result [46]. However the efficiency of InGaP/GaAs/Ge triple-junction solar
cell is improved compared to the other three subcells (Table .

Table 6.3: Short circuit current, open circuit voltage, fill factor and efficiency of 3J-SC
with out InAs QD.

| Solar cell | Jee(mA/em?) | Voo (V) | FF(%) | (%) |
Sub Cell-1 23.8 1.27 88.7 23.1
Sub Cell-2 14.7 0.79 83.9 8.4
Sub Cell-3 34.9 0.2 60.1 3.6
3J-SC(W/O QDs) | 14.7 226|928 | 266

6.3.4 Current Density-Voltage Characteristics of Triple-Junction
Quantum Dot Solar Cell (3J-QDSC)

Figure[6.5)shows the evolution of the current density as a function of the voltage of a triple-
junction solar cell based on three Gags11n9.49P/GaAs/Ge semiconductors with InAs QDs
embedded in the intrinsic region of middle subcell (GaAs). Calculated values of short cir-
cuit current density, open circuit voltage , fill factor and efficiency are shown in Table [6.4]
Inserting InAs QDs result in a considerable increase in the short circuit current density

from 14.7 to 23.8 mA/cm?, that is to say there is a gain of 61.9%. Inserting InAs QDs
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Figure 6.5: JV Curve for 3J-QDSC with InAs QDs: Plotted using Eqn. (6.2.5))

decreases the open circuit voltage with insignificant amount. The V. voltage decreases

from 2.26 to 2.1 V. An open circuit voltage loss of 0V,. = 0.16 V is detected. The impact

of incorporating InAs QDs on the open circuit voltage is opposite to that of the current

density. It can be seen that the effect of the InAs QDs on the open circuit voltage is very

small compared to the current density. Inserting InAs QDs causes a considerable increase

in the efficiency from 26.6 % to 40.1 %, that is to say there is an increase efficiency of

50.8% (shown in Table [6.4)).

Figure shows the current density-voltage characteristic curves for 3J-QDSC, 3J-SC

(Gags1Ing49P/GaAs/Ge), 4J-SC (Gag 51110490 P/GaAs/Ge/Ge), and 3J-SC using detailed

balance theory (Gags11n949P/GaAs/Ge). It shows that inserting thin Ge as a forth sub-
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Figure 6.6: JV Curve for 3J-SC, 3J-QDSC, 3J-SC (detailed balance limit), and 4J-SC:

Plotted using Eqn. (6.2.5))
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cell improves the open circuit voltage but the short circuit current is still limited by
GaAs subcell. However the power conversion efficiency of four junction solar cell is better
than three junction solar cell. Inserting InAs QDs in the i-region of GaAs subcell im-
proves the short circuit current the solar cell by a significant amount but there is a small
degradation of open circuit voltage and a large improvement of efficiency compared to
the four junction solar cell. In addition, Fig. also illustrates that the power conver-
sion efficiency of our 3J-QDSC model is 6.4 unit lower than the detailed balance limit of
Gags11n9.49P/GaAs/Ge triple junction solar cells.

Table 6.4: Short circuit current, open circuit voltage, fill factor and efficiency of 3J-QDSC.
| Solar cell | Jye(mA/em?) | Voe(V) | FF(%) | n(%) |

Sub Cell-1 | 23.8 1.27 88.7 23.1
Sub Cell-2 | 23.8 0.66 81.6 11.0
Sub Cell-3 | 23.8 0.2 58.9 2.3

3J-QDSC | 23.8 2.1 92.4 40.1

6.4 Conclusion

In this Chapter we have investigated the insertion of InAs QDs in the middle subcell of
triple-junction Gag s11n0.49P/GaAs/Ge solar cell on the power conversion efficiency of the
solar cell. Inserting InAs QDs in triple-junction Gag 5111949 P/GaAs/Ge solar cell causes a
considerable increase in the current density from 14.7 to 23.8 mA/cm?, which is a relative
enhancement of about 61.9%, and insignificant degradation in open circuit voltage. In the
same conditions inserting InAs QDs improves the power conversion efficiency from 26.6%
to 40.1%, which is a relative enhancement of about 50.8%. Therefore, inserting InAs
QDs ensembles in the i-region of GaAs of the triple-junction Gags1Ing49P/GaAs/Ge
solar cell improves both the short-circuit current density and efficiency without significant

degradation in the open circuit voltage.



Chapter 7

Summary and Recommendations

This chapter provides a summary of the research conducted in this thesis to enhance
comprehension of solar cell physics, specifically in the context of InAs/GaAs quantum
dot solar cells using the nt — ¢ — p* solar cell structure. This study has some limitations
that are highlighted. Additionally, a brief discussion of recommendations for potential

future work is included in order to advance the development of quantum dot solar cells.

7.1 Summary

The concept of IBSC was proposed in an attempt to utilize sub-bandgap photons and
overcome the Shockley-Queisser limit by introducing an IB within the bandgap. A con-
fined levels of quantum dot (QD) was proposed to obtain the operational principles of
IBSC. However, there have been many challenges in implementing high efficiency QDSCs.
One of the challenges in the practical use of QDSC is figuring out the optimum number
of QD layers, QD size, and size dispersion to get high efficiency QDSCs. The goal of this
theoretical and numerical study was to address these issues by employing InAs quantum
dots inserted in the i-region of GaAs in order to understand more about QDSCs based on
n — ¢ — p solar cell structure.

The first part of this thesis investigate how the parameters of the quantum dot solar cell
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were affected by the number of quantum dots layers. This study show that the conver-
sion efficiency of the n — i — p structure is significantly improved by embedding InAs
QD multilayer into the intrinsic region of GaAs. This study indicates that a maximum
efficiency of N = 27.4% can be achieved with an optimal number of quantum dots
layers (n; = 250). Increasing the number of QD layers above the optimal value result in a
decrease in efficiency.

The second part focuses on investigating the effect of QD size and size dispersion on the
absorption coefficient of InAs QD ensembles, QD photocurrent and conversion efficiency
of InAs/GaAs QDSC using cubic and spherical InAs QDs of comparable volume. It
is observed that the average size of QD and the dot size distribution have a significant
influence on the absorption spectra of the spherical and cubic semiconductor QDs. This
theoretical and numerical study demonstrated that the maximum quantum dot photocur-
rent can be obtained at the cubic QD average size of a, = 8.1 nm (Jgp = 24.7 mA/cm?)
and the spherical QD average radius of R = 5.0 nm (Jop = 26.9 mA/cm?). This study
also shows that for best power conversion efficiency, there is an optimal QD average size
and size dispersion. A maximum efficiency of 34.4% is obtained at ag = 8.1 nm and
€ =0.11 for QDSC with cubic QDs ensembles and 36.5% is obtained at R = 5.0 nm and
& = 0.12 for QDSC with spherical QDs ensembles. This indicates that the shape of the QD
affects QDSC efficiency, and this specific study demonstrates that, spherical shape QDs
yield the highest QDSC efficiency compared to cubic shape QD. Therefore, the maximum
possible QDSC power conversion efficiency might be achieved by optimising QD size and
size dispersion.

The last part of this study focuses on examining the effect of inserting InAs QDs in the
middle subcell on the power conversion efficiency of the Gags1Ing49P/GaAs/Ge triple-
junction solar cell. The insertion of InAs QDs generates a notable increase in short

circuit current density and a slight drop in open circuit voltage. Consequently, the power
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conversion efficiency of 3J-QDSC rises from 26.6% to 40.1%, indicating nearly 50.8% im-
provement when compared to 3J-SC without InAs QDs. The results of this thesis can be
used to both the experimental study of QDSCs and the design and manufacturing of solar

cell panels with improved performance.

7.2 Limitation of the Study

The main focus of this thesis is the theoretical and numerical investigation of InAs/GaAs
QDSC. Furthermore, doing experimental studies with optimised values of number of QD
layers, quantum dot size, and size dispersions could provide additional insights into the

photogeneration, carrier collection, and recombination processes that occur in real QDSCs.

7.3 Recommendation for Future Work

This thesis’s result is not put to the test through experimentation. Reference [36] reports
the fabrication of ultra-high stacked QD multi-layers up to 400 QD layers without any
dislocations, no crystal defects, or deterioration in crystal quality. In order to comprehend
our theoretical and numerical study to be used in real-world solar cell applications, we
advise applying the growth method used by Ref. [36] to fabricate an ultra-high stacked
multi-layers of InAs/GaAs QDSC using the optimised values of number QD layers, quan-

tum dot size, and size dispersions.
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Publications

e Dependence of quantum dot solar dell parameters on the number of quantum dot

layers. AIP Advances, 13(7):07521, 2023. https://doi.org/10.1063/5.0145361.

e Effect of cubic and spherical quantum dot size and size dispersion on the performance
of quantum dot solar cells. AIP Advances, 14(1):015236, 2024.
https://doi.org/10.1063/5.0184745.

e The impact of inserting an InAs quantum dot in the middle subcell of a triple

junction Gags1Ing49P/GaAs/Ge solar cell, manuscript under preparation.
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